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FOREWORD 


It  gives  me  great  pleasure  to  write  this  foreword  to  Dr.  Keulemans’ 
book  on  “Gas  Chromatography.” 

I  have  been  accused  by  several  petroleum  chemists  of  hiding  my  work 
in  the  Biochemical  Journal ,  an  offense,  of  which  I,  as  a  biochemist,  had  not 
been  aware.  It  has  not,  however,  hampered  Shell’s  chemists  who  have  for 
many  years  been  among  the  most  active  investigators  of  all  varieties  of 
chromatography. 

Dr.  Keulemans  demonstrates  in  this  volume  his  mastery  of  this  subject, 
a  mastery  which  reflects  the  vast  amount  of  work  which  he  and  his  col¬ 
leagues  have  put  into  the  development  of  this  analytical  tool. 

Chemists  in  many  fields  will  be  grateful  to  the  author  who  has  assembled 
here  such  an  admirably  clear  account  of  all  the  practical  and  theoretical 
aspects  of  this  rapidly  growing  method. 

A.  J.  P.  Martin 
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The  methods  of  gas  chromatography  are  still  young.  This  is  particularly 
true  for  gas-liquid  chromatography,  the  first  account  of  which  was  pub¬ 
lished  by  Martin  and  James  toward  the  end  of  1952.  The  new  procedures 
have  been — and  are  still  being — developed  at  a  phenomenal  rate,  and  it  is 
obviously  a  hazardous  undertaking  for  anyone  to  write  a  book  on  so  un¬ 
finished  a  subject.  The  author  has  nevertheless  undertaken  the  task, 
stimulated  as  he  was  by  the  great  interest  shown  in  these  delicate  and  vei- 
satile  methods  of  separation,  which  in  many  cases  have  already  provided 
easy  solutions  for  analytical  problems  that  previously  seemed  impossibly 
difficult.  He  was,  moreover,  favored  in  his  undertaking  by  circumstances, 
since  he  had  access  not  only  to  the  data  obtained  in  the  Koninklijke/Shell- 
Laboratorium,  Amsterdam,  where  he  is  engaged,  but  also  to  the  results  of 
research  work  carried  out  over  a  number  of  years  in  the  laboratories  of 
Shell  Development  Company  (Emeryville,  California),  Shell  Oil  Company 
and  Shell  Chemical  Corporation  (Houston,  Texas),  and  Shell  Research 
Limited  (Thornton,  Cheshire,  Great  Britain).  These  results,  together  with 
the  views  of  the  specialists  in  the  latter  laboratories  and  in  N.V.De 
Bataafsche  Petroleum  Maatschappij  (The  Hague)  on  matters  of  theory 
and  equipment,  play  an  important  part  in  the  present  book. 

In  the  text,  use  has  been  made  of  the  principal  publications  on  the  sub¬ 
ject  of  gas  chromatography  up  to  January  1st,  1956.  The  literature  that 
has  appeared  since  then  could  be  referred  to  only  in  exceptional  cases.  In 
general,  it  has,  for  instance,  not  been  possible  to  deal  with  the  papers  con¬ 
tributed  to  the  symposia  on  gas  chromatography  held  in  Dallas,  Texas,  in 
April,  and  in  London  in  May/June  1956,  though  some  points  of  importance 
that  came  up  in  the  latter  meeting  have  been  added  as  footnotes. 

In  arranging  the  subject  matter  it  has  been  the  aim  to  reconcile  practical 
usefulness  with  theoretical  soundness.  In  most  normal  analyses  by  gas 
chromatography  excellent  results  can  be  obtained  with  little  or  no  knowl¬ 
edge  of  the  underlying  theory.  Once,  however,  the  investigator  leaves  the 
held  of  routine  separations  and  attacks  more  difficult  applications,  he  will 
find  that  some  familiarity  with  the  fundamentals  is  essential.  For  these 
reasons  the  normal  practice  of  gas-liquid  chromatography  is  dealt  with 
before  theoretical  matters  are  discussed.  11  Wlth 

Nevertheless,  it  was  considered  necessary  to  devote  the  opening  chapter 
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to  a  review  of  the  whole  field  of  chromatography  and  of  related  physical 
processes.  There  exists,  even  in  today’s  literature,  considerable  confusion 
in  the  definition  of  chromatographic  procedures,  particularly  as  regards 
their  relation  to  other  methods  of  separation  such  as  distillation  and  ex¬ 
traction.  Chaptei  1  contains  a  proposed  definition  of  chromatography  in 
general  and  a  classification  of  its  subdivisions.  It  should  be  realized,  how¬ 
ever,  that  this  classification  is  not  entirely  rigid  and  that  “hybrid”  methods 
exist.  (An  example  that  may  be  quoted  is  gas-liquid  chromatography  em¬ 
ploying  a  “molecular  sieve”  as  support.)  So  far  there  has  been  very  little 
unity  in  the  names  given  to  the  various  chromatographic  techniques.  The 
present  book  employs  the  simple  and  effective  nomenclature  recommended 
by  a  special  subcommittee  appointed  for  this  purpose  during  the  Symposium 
on  Gas  Chromatography,  held  by  the  Institute  of  Petroleum  in  London, 
May /June  1956. 

Chapter  2  describes  normal  practical  applications  of  gas-liquid  chroma¬ 
tography  (G.L.C.),  while  Chapter  3  discusses  in  detail  the  apparatus  re¬ 
quired,  including  the  various  forms  of  detectors  and  their  characteristics. 
The  theories  underlying  G.L.C.  are  discussed  in  Chapters  4,  5  and  6,  and 
Chapter  7  shows  how  these  principles  can  be  utilized  when  dealing  with 
difficult  separations  and  nonanalytical  applications.  Chapter  8,  finally,  is 
devoted  to  gas-solid  chromatography.  Though  it  seemed  until  recently 
that  this  older  form  of  separation  had  been  largely  superseded  by  G.L.C. , 
some  new  developments  suggest  that  there  are  still  interesting  possibilities 
in  the  process  based  on  adsorption. 

It  is  impossible  for  the  author  and  editor  to  thank  individually  more 
than  a  few  of  those  who  kindly  aided  them  in  the  realization  of  this  book. 
In  the  first  place  they  wish  to  mention  Dr.  A.  J.  P.  Martin,  one  of  the 
inventors  of  G.L.C.,  with  whom  the  author  had  stimulating  discussions 
on  several  occasions.  Many  thanks  are  also  due  to  Imperial  Chemical 
Industries  Ltd.  (Billingham  and  Nobel  Divisions)  for  much  valuable  in¬ 
formation,  and  to  Messrs.  J.  Brooks  and  A.  F.  Williams  of  that  company 
for  the  description  of  the  glass-channel  katharometer  given  in  Appendix  II. 
The  author  and  editor  further  gratefully  recognize  their  indebtedness  to 
several  members  of  the  staff  of  N.  V.  De  Bataafsche  Petroleum  Maatschap- 
pij :  Dr.  G.  G.  Bayl6  and  Dr.  A.  Klinkenberg  gave  much  valuable  advice 
in  matters  of  a  theoretical  nature;  their  views  had  a  major  influence  on 
Chapters  1  and  4 ;  much  of  the  experimental  work  contained  in  the  book  is 
due  to  Mr.  F.  van  de  Craats  and  Dr.  H.  Boer,  and  to  Messrs.  A.  Kwantes, 
Th.  van  Bavel,  together  with  their  enthusiastic  team  of  workers.  Their 
sincere  thanks  are  also  extended  to  the  specialists  on  chromatography  in 
the  American  and  British  Shell  companies  mentioned  above,  whose  re¬ 
sults  have  been  so  freely  used  and  who  submitted  the  manuscript  to  con- 
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structive  criticism,  and  to  the  management  of  N.  V.  De  Bataafsche  Petro¬ 
leum  Maatschappij  for  permission  to  publish  the  subject  matter. 

It  is  hoped  that  this  volume  may  assist  and  stimulate  investigators  in 
using  the  fascinating  methods  of  separation  that  are  described  and  in 
searching  for  the  many  undiscovered  possibilities  that  they  certainly  still 
hold. 


Amsterdam ,  Holland 
February  1957 


A.  I.  M.  Keulemans 
C.  G.  Verver 
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thermal  conductivity  of  carrier  gas  at  temperature  t:  80 
thermal  conductivity  of  carrier  gas  at  its  mean  temperature:  80 
thermal  conductivity  of  carrier  gas  at  standard  state:  80 
effective  thermal  conductivity:  83,  84 

statistical  mean:  123,  124 
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specific  resistance  of  the  sensing  wire  material :  85,  86 

standard  deviation:  111,  112,  123,  124 
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to  be  in  the  moving  phase:  102,  103 

e-.J/2p:  117 


CONTENTS 


Chapter  x  age 

Foreword . iii 

Preface .  v 

List  of  Symbols . ix 


1.  The  Chromatographic  Methods — Gas  Chromatography . 

General  Aspects  of  Chromatography . 

Applications  of  Chromatographic  Separations . 

The  Subdivision  and  History  of  the  Chromatographic  Separations . 

Subdivision  According  to  Phases  Employed . 

Subdivision  According  to  Techniques . 

Elution  Development . 

Frontal  Analysis . 

Displacement  Development . 

Scope  of  the  Book . 

Gas-liquid  Chromatography . 

Gas-solid  Chromatography . 

Advantages  and  Limitations  of  G.L.C.  and  G.S.C . 

Definitions  and  Nomenclature . 

2.  Straightforward  Analytical  Applications  of  Gas-Liquid 

Chromatography . 

Factors  Concerned  in  G.L.C . 

Factors  Affecting  the  Separation . 

Column  Dimensions . 

The  Inert  Solid  Support . 

The  Stationary  Liquid . 

The  Column  Temperature . 

The  Nature  of  the  Carrier  Gas . 

The  Gas  Rate . 

Column  Pressures . 

The  Introduction  of  the  Sample  and  its  Size 

The  Identification  of  Components . 

The  Addition  of  a  Supposed  Constituent  .  ...  . . 

Special  Plots  of  Retention  Volumes . 

Isolation  and  Separate  Identification . 

Quantitative  Determination  of  Components . .  ’  ’ 

The  Marker  Method .  . 

The  Method  of  Internal  Normalization  .  ’  ’  . . 


1 

1 

4 

5 

5 

6 
6 

7 

8 
11 
11 
14 

14 

15 


18 

18 

18 

18 

19 

19 

22 

23 

23 

24 

25 

26 
26 
26 

30 

31 

32 

33 


XV 


XVI 


CONTENTS 


Examples  of  Analyses  by  G.L.C . 

Separation  of  Ammonia  and  the  Methylamines . 

Determination  of  High-boiling  Material  in  a  Volatile  Product.  . 
Determination  of  the  Ratio  of  Branched  to  Normal  Paraffins 

in  Saturated  Hydrocarbon  Fractions . 

Analysis  of  Oxidation  Products  of  Hydrocarbons . 

The  Combination  of  a  Chemical  Reactor  with  Analytical  Ap¬ 
paratus  . 

Analysis  of  Lacquer  Solvents . 

Analysis  of  a  Solvent  Mixture  Containing  Water . 

Analyses  of  (Hydrocarbon)  Gases . 

Use  of  G.L.C.  in  the  Structural  Investigation  of  High-boiling 
Petroleum  Fractions . 

3.  The  Apparatus  for  Gas-Liquid  Chromatography  in  Practice.  . 

Introduction . 

The  Main  Components  of  the  Apparatus . 

Apparatus  for  Supplying  and  Measuring  the  Carrier  Gas . 

The  Column  and  Its  Temperature  Regulation . 

The  Column . 

The  Column  Thermostat . 

Methods  of  Introducing  the  Sample . 

Gaseous  Samples . 

Liquid  Samples . 

Introduction  by  Syringe . 

Introduction  by  Crushing  a  Glass  Bulb . 

Techniques  for  Introducing  the  Sample  in  Special  Cases . 

Detection  Devices . 

Integral  Methods . 

Automatic  Titration  of  Acids  and  Bases.  . . 

Determination  by  Measuring  the  Conductivity  of  a  Solution . 
Determination  of  Volatile  Compounds  by  Volume  or  Pres¬ 
sure  Increments  in  a  Vessel . 

Differential  Methods . 

Detection  by  Impedance  of  Gas  Flow . 

Surface  Potential  Method . 

Detection  by  Dielectric  Constant . . •  •  ■  • 

Detection  of  Organic  Compounds  after  Combustion  to  C02.  • 
Detection  by  Martin’s  Density  Meter  (Gas  Density  Balance) 

Detection  by  a  Hydrogen  Flame  and  Thermocouple . 

Radiological  Detection  by  Ionization  with  /3-rays . 

Detection  Based  on  Thermal  Conductivity . 

Principle . 


34 

34 

36 

39 

41 

43 

44 

46 

46 

52 

55 

55 

55 

55 

57 

57 

59 

61 

66 

66 

66 

67 

68 

69 

69 

69 

70 

70 

71 

71 

71 

72 

72 

72 

74 

74 

78 

78 


CONTENTS 


XVII 


Factors  Determining  the  Sensitivity  of  a  Katharometer . 

Effect  of  Changing  the  Current  (and  Temperature)  of  the  Wires 

Effect  of  the  Thermal  Conductivity  of  the  Carrier  Gas . 

Thermal  Conductivity  of  Mixtures  of  Gases . 

Influence  of  the  Block  Temperature . 

The  Katharometer  Constant . 

Katharometers  in  Their  Practical  Form . 

Geometry  of  the  Filament . 

Examples  of  Katharometers . 

Characteristics  of  Katharometers . 

Symmetry  of  the  Cells . 

Gas  Flow  Effects — Location  of  the  Filament . 

Conclusions . 

Assemblies  of  Chromatographic  Apparatus . 

4.  General  Theory  of  Chromatographic  Separations . 

Introduction . 

The  Distribution  Isotherm . 

The  Plate  Concept . 

Classification  of  Chromatographic  Theories . 

Linear  Ideal  Chromatography  (Case  I) . 

Non-Linear  Ideal  Chromatography  (Case  II) . 

Linear  Non-ideal  Chromatography  (Case  III) . 

Non-linear  Non-ideal  Chromatography  (Case  IV) . 

Theories  of  Chromatography . 

Theory  of  Ideal  Chromatography . 

Linear  isotherms . 

Chromatography  of  a  Single  Solute . 

Separation  of  Two  Solutes . 

Curved  Isotherms . 

Theory  of  Non-ideal  (linear)  Chromatography . 

“Plate”  and  “Rate”  theories . 

Distribution  with  Intermittent  Flow— Craig  Distribution 
(Binomial  type) . 

Distribution  with  Continuous  Flow  (Poisson  type) . 

Calculation  of  Number  of  Plates . 

Limitations  of  the  Theory . 

Separation  in  Linear  Non-ideal  Chromatography 
The  “Rate”  Theory .  . 

Longitudinal  Diffusion  as  a  Cause  of  Band  Broadening 
Finite  Rate  of  Mass  Transfer  as  a  Cause  of  Band  Broadening 
l  he  van  Deemter  Equation  for  the  H.E.T.P. 

List  of  Important  Formulas  etc... 


79 

81 

82 

83 

84 
84 
86 
86 

87 

88 
88 
91 

93 

94 

96 

96 

96 

98 

98 

99 
99 

101 

101 

102 

102 

102 

102 

102 

104 

106 

106 

106 

109 

113 

113 

115 

119 

121 

122 

124 

127 


XV111 


CONTENTS 


5.  The  Mobile  Phase  in  Gas-Liquid  Chromatography .  130 

Introduction .  130 

Effects  of  the  Compressibility  of  the  Carrier  Gas .  131 

The  Average  Pressure  in  the  Column .  134 

Residence  Time  of  the  Carrier  Gas .  135 

Retention  Volume .  135 

The  Permeability  of  the  Column .  136 

Velocity  Gradient  and  Column  Efficiency .  138 

Application  of  the  Van  Deemter  Equation .  138 

Influence  of  Varying  Inlet  and  Outlet  Pressure .  139 

The  Effect  of  Gas  Diffusion . .  142 

6.  The  Solid  Support  and  the  Stationary  Liquid .  144 

The  Solid  Support .  144 

The  Function  of  the  Support .  144 


Quantitative  Aspects  of  Particle  Diameter  and  Liquid  Film 


Thickness .  146 

Particle  Diameter  of  the  Support . 146 

The  Amount  of  Stationary  Liquid .  147 

The  Stationary  Liquid .  161 

Liquid  Solutions .  161 

Raoult’s  Law .  162 

Henry’s  Law . 164 

Qualitative  Observations  on  the  Stationary  Liquid .  154 

The  Cohesive  Energy .  164 

Examples .  ^ 

Classification  of  Solvents . .  •  . . 

Quantitative  Observations  on  the  Stationary  Liquid .  159 

The  Activity  Coefficient .  |6^ 

Relative  Volatility  of  Two  Solutes . 

Pierotti’s  Building  Block  Method .  16 

Homologous  Series  of  Solutes  in  a  Particular  Solvent .  165 

Homologous  Series  of  Solutes  in  Homologous  Series  of  Solv- 

ents .  Igy 

A  Hypothetical  Example .  ^ 

Identification  Plots . 

7.  “Special”  Applications  of  G.L.C . 

The  Determination  of  Solution  Parameters . 

Calculation  of  70  from  Symmetric  Elution  Curves . 

Calculation  of  70  from  Asymmetric  Elution  Curves .  1?g 

Heats  of  Solution . . .  1 7n 

The  Design  of  Columns  for  Difficult  Separations . 


CONTENTS  X1X 

1  os 

8.  Gas-Solid  Chromatography . 

Introduction .  ^  ^ 

Forms  in  which  G.S.C.  is  Carried  Out .  18(3 

The  Evolution  of  G.S.C .  1^ 

The  Principles  of  G.S.C .  188 

Frontal  Analysis .  188 

Displacement  Development .  190 

New  Possibilities  in  Gas-Solid  Chromatography .  194 

“Molecular  Sieves” .  194 

G.S.C.  with  “Tailing  Reducers” .  195 

Special  Modifications  of  G.S.C .  197 

Apparatus  for,  and  Operation  of  G.S.C .  198 

Appendix  I :  Principal  Types  of  Stationary  Liquids  Used  in  G.L.C.  200 

Appendix  II:  Katharometers .  206 

Description  of  a  Double-Channel  Katharometer  and  Recording 

Equipment  as  Employed  in  the  Author’s  Laboratory .  206 

The  Katharometer .  206 

The  Circuit,  Recorder  and  Integrator .  209 

Description  of  a  Katharometer  with  Glass  Channels  (by  J.  Brooks 
and  A.  F.  Williams) .  210 

Appendix  III:  Elimination  of  Uncondensable  Gases  from  Com¬ 
mercial  C02 .  213 

Author  Index . 215 


Chapter  1 

THE  CHROMATOGRAPHIC  METHODS; 
GAS  CHROMATOGRAPHY 


The  main  purpose  of  this  book  is  to  deal  with  the  various  foims  of  gas 
chromatography,  a  group  of  physical  separating  methods  that  have  aroused 
wide-spread  interest  in  the  short  time  since  their  introduction.  Gas  chroma¬ 
tography  is  principally  used  as  an  analytical  technique  for  the  separation, 
identification  and  quantitative  determination  of  volatile  compounds  (gases 
and  liquids)  having  boiling  points  up  to  about  350°C  or  even  400°C. 

The  methods  have  striking  advantages:  they  are  sensitive,  rapid  and 
simple  in  execution  and  with  due  care  furnish  accurate  quantitative  in¬ 
formation  with  extremely  small  amounts  of  sample. 

General  Aspects  of  Chromatography 

For  a  good  understanding  of  the  scope  of  gas  chromatography  it  will  be 
necessary  to  consider  its  place  among  the  chromatographic  methods  and 
the  relation  of  the  latter  to  other  physical  methods  of  separation. 

The  word  “chromatography”  is  at  present  used  as  a  collective  term  for  a 
group  of  methods  that  at  first  sight  may  appear  somewhat  diverse.  Never¬ 
theless,  these  methods  have  a  number  of  common  features,  as  we  shall 
show  below.  All  the  chromatographic  separations,  for  instance,  involve  the 
transport  of  a  sample  of  a  mixture  through  a  column  (or  a  physical  equiv¬ 
alent  of  a  column*).  The  mixture  may  be  a  liquid  or  a  gas  (vapor).  The 
column  contains  a  substance — the  stationary  phase — which  may  consist 
either  of  a  solid  adsorbing  agent  or  of  a  liquid  partitioning  agent.  The  trans¬ 
port  of  the  constituents  of  the  sample  through  the  column  is  effected  either 
by  a  gas  or  a  liquid  the  moving  phase.  Owing  to  the  selective  retardation 
exerted  by  the  stationary  phase,  the  components  of  the  mixture  move 
through  the  column  at  different  effective  rates.  They  thus  tend  to  segregate 
into  separate  zones  or  “bands”;  the  chromatographic  procedures  are  de¬ 
signed  to  detect,  characterize  (and  if  necessary  isolate)  these  bands  at 
some  point,  usually  at  the  exit  of  the  column. 

The  chromatographic  methods  are  founded  on  the  distribution  of  the 
components  of  the  sample  over  two  phases  and  on  a  subsequent  separation 
of  these  two  phases.  While  usually  the  sample  mixture  is  originally  present 

*  In  “paper  chromatography”  the  equivalent  of  the  column  is  a  strip  of  filter  paper. 
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as  a  single  phase  (gas  or  liquid),  at  least  the  second  phase  has  to  be  created 
by  extraneous  means.  More  often,  however,  both  phases  between  which  the 
constituents  of  the  sample  will  be  distributed  have  to  be  formed  or  added, 
bor  instance,  in  gas-liquid  chromatography — the  main  subject  of  this 
book  both  an  inert  gas  phase  (the  carrier  gas)  and  a  stationary  liquid  are 
artificially  introduced;  the  sample,  whether  originally  a  gas  or  a  liquid, 
distributes  itself  over  these  two  phases  in  the  form  of  a  gas  (vapor)  and  a 
liquid  solution,  respectively.  Similarly,  in  adsorption  chromatography,  we 
bring  about  a  distribution  of  the  sample  over  the  solid  adsorbent  and  the 
moving  fluid  phase.  Mechanical  separation  in  both  cases  results  from  the 
fact  that  the  fluid  phase  moves  along  the  stationary  phase. 

However,  the  principle  just  described  (the  formation  of  a  two-phase  from 
a  single-phase  system  by  some  means,  and  the  subsequent  separation  of  the 
two  phases)  is  the  foundation  of  nearly  all  physical  methods  of  separation. 
In  liquid-liquid  extraction,  for  instance,  the  two-phase  system  is  formed  by 
adding  to  the  original  liquid  mixture  an  appropriate  selective  solvent  (or 
occasionally  two  solvents),  whereby  two  liquid  phases  result  which,  after 
having  been  intimately  contacted,  are  separated  from  each  other.  Distil¬ 
lation  relies  on  the  partial  conversion  of  a  liquid  mixture  into  a  vapor  and 
a  liquid  by  the  introduction  of  heat  (which  is  here  the  “extraneous  agency” 
comparable  to  the  solvent  in  selective  extraction)  and  on  the  separation  of 
the  vapor  and  liquid  phases. 

In  view  of  such  resemblances,  which  might  be  extended  even  further,  it 
is  difficult  to  define  the  chromatographic  methods  of  separation  solely  on 
the  grounds  of  the  physical  principles  involved.  Another  basis  must  there¬ 
fore  be  sought.  It  can  be  found  in  a  common  feature,  present  in  the  execu¬ 
tion  of  all  the  chromatographic  separations,  and  is  embodied  in  the  follow¬ 
ing  definition: 

Chromatography  is  a  physical  method  of  separation ,  in  which  the  compo¬ 
nents  to  be  separated  are  distributed  between  two  phases,  one  of  these  phases 
constituting  a  stationary  bed  of  large  surface  area,  the  other  being  a  fluid  that 
percolates  through  the  stationary  bed. 

This  definition  may  need  some  explanation.  Its  keynote  lies  in  the  word 
“percolates.”  In  considering  separation  processes,  such  as  distillation, 
solvent  extraction,  adsorption,  extractive  distillation,  the  number  of 
moving  phases  enables  us  to  draw  a  distinction  between  percolation  and 
the  other  forms  of  execution,  such  as  countercurrent  operation.  Counter- 
current  processes  and  percolation  both  may  be  (and  frequently  are)  carried 
out  in  columns.  If,  however,  this  is  done  in  the  case  of  distillation,  extrac¬ 
tion  etc  there  will  be  two  phases  moving  in  opposite  directions  in  the 
equipment,  and  we  may  speak  of  a  “countercurrent”  system.  The  distinc¬ 
tion  between  countercurrent  and  percolation  processes  has  an  important 
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practical  consequence.  Countercurrent  forms  of  distillation,  etc.,  can  be 
executed  in  a  truly  continuous  manner,  percolation  (and  hence  also  chro¬ 
matography)  is  intrinsically  a  batch  process.  The  difference  becomes  evi¬ 
dent  when  we  remember  that  a  continuous  process,  once  it  has  been  ad¬ 
justed  to  a  steady  state,  yields  products  of  unvarying  composition  at  certain 
points  in  the  apparatus;  in  percolation,  on  the  other  hand,  the  properties 
of  the  effluent  change  from  the  beginning  to  the  end  of  the  operation,  as  in 
any  batch  procedure.  It  is  suggested  that  only  processes  in  which  two 
phases  move  in  opposite  directions  through  the  equipment  shall  be  referred 
to  as  countercurrent  processes.*  This  difinition  of  the  term  “countercur¬ 
rent,”  of  course,  does  not  necessarily  imply  that  the  procedure  is  continuous: 
a  batch  distillation  with  a  fractionating  column  is  evidently  a  countercur¬ 
rent  process. 

The  implications  of  the  above  definition  may  be  illustrated  by  a  few  ex¬ 
amples.  We  might  visualize  a  process  in  which  a  stream  of  liquid  or  gas  is 
made  to  pass  up  through  a  column,  and  a  continuous  stream  of  some  ad¬ 
sorbing  agent  is  admitted  at  its  top,  falls  down  through  the  fluid  and  is 
removed  at  the  base  of  the  column.  This  procedure,  though  bearing  a  super¬ 
ficial  resemblance  to  a  chromatographic  method,  should  not  be  classed  as 
such,  but  as  a  continuous  countercurrent  separation  based  on  adsorption. 
An  example  of  the  opposite  type  can  also  be  given.  Suppose  that  in  a  series 
of  vessels  each  vessel  is  half  filled  with  a  certain  liquid.  A  liquid  mixture  of 
lower  density,  only  partially  miscible  with  the  other,  is  admitted  through  a 
tube  into  the  bottom  of  the  first  vessel ;  it  percolates  up  through  the  heavier 
liquid,  thereby  undergoing  certain  changes;  it  overflows  through  a  tube 
into  the  bottom  of  the  second  vessel,  and  continues  in  this  manner  through 
the  series,  finally  emerging  from  the  last  vessel. f  According  to  our  defini¬ 
tion  this  procedure,  also  employing  a  flow  of  one  phase  only,  might  be  de¬ 
scribed  as  a  chromatographic  method,  or  considered  as  closely  related  to  it, 
since  the  second  phase  is  stationary  in  the  apparatus. 

In  the  foregoing  it  was  pointed  out  that  the  physical  methods  of  separa¬ 
tion  have  many  points  of  mutual  resemblance  or  analogy.  To  one  of  these, 
in  particular,  attention  should  be  drawn.  It  may  be  referred  to  as  the  “effect 
of  repeating  an  elementary  step.” 


*  There  is  some  confusion  in  the  literature  in  the  use  of  these  various  terms.  The 
erm  percolation,  with  the  meaning  given  above,  has  been  proposed  before  (see 
for  instance  Thiele1  and  Klinkenberg2).  lsee 

t  A  fuHy  automatic  procedure  operating  much  along  these  lines,  but  with  inter¬ 
mittent  operation  of  the  stages,  was  developed  by  Craig  and  co-worW.  It  is  usuaffy 

books  by  Rauen  ^^aratUS  ^  “  refeiTed  t0  teXt' 
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If,  to  take  the  case  of  distillation  first,  we  convert  a  liquid  mixture  into 
a  vapor  and  a  liquid  by  introducing  heat,  the  vapor  will  generally  contain 
a  higher  proportion  of  certain  constituents— the  more  volatile— than  the 
liquid  in  contact  with  it.  The  separation  will,  however,  seldom  be  anything 
like  quantitative  unless  one  of  the  components  differs  greatly  in  volatility 
from  the  others.  The  effect  of  a  single  equilibrium  step  of  the  separation 
(one  “elementary  process”)  is  therefore  often  unsatisfactory.  The  separa¬ 
tion  may,  however,  frequently  be  improved  enormously  by  a  procedure 
that  intrinsically  consists  in  repeating  the  elementary  process  on  the  pri¬ 
marily  separated  phases.  A  very  efficient  way  of  doing  this  in  distillation  or 
extraction  is  to  perform  the  process  in  countercurrent  with  the  aid  of  a 
column  provided  with  plates  or  packing,  or  in  equivalent  apparatus,  such 
as  a  series  of  mixers  and  settlers  in  extraction. 

The  elementary  processes  underlying  the  chromatographic  separations* 
are  usually  also  inefficient.  Here  also  a  vast  improvement  is  effected  by 
using  a  column  for  providing  a  repetition  of  elementary  exchanges.  Even 
though  one  of  the  phases  in  this  case  is  stationary  in  the  apparatus,  various 
analogies  to  processes  such  as  distillation  can  then  be  applied,  as  will  be 
demonstrated  more  fully  in  Chapter  4.  It  is  characteristic  of  certain  types 
of  chromatography  that  even  columns  of  moderate  length  have  a  sur¬ 
prisingly  high  number  of  equilibrium  steps.  However,  as  will  be  shown 
later,  the  number  of  steps  required  to  effect  a  separation  in  a  chromato¬ 
graphic  procedure  is  larger  than  that  required  in  a  countercurrent  process. 
Furthermore,  theories  for  these  types  of  execution  differ  appreciably. 


Applications  of  Chromatographic  Separations 


If  the  preceding  definition  is  strictly  applied,  certain  industrial  processes 
might  be  classed  as  chromatographic  separations.  An  example  is  the  im¬ 
provement  in  color  of  a  liquid  by  percolating  it  through  an  adsorbent  (for 
instance  a  lubricating  oil  through  a  bed  of  fuller’s  earth),  or  the  removal  of 
a  constituent  from  a  gas  by  passing  it  through  a  surface-active  solid  (e.g., 
the  separation  of  gasoline  from  natural  gas  by  means  of  active  charcoal). 
These  industrial  batch  processes  are  nearly  always  confined  to  cases  in 
which  the  component  to  be  removed  is  a  very  small  fraction  of  the  total 
mixture.  For  separations  involving  constituents  in  larger  amounts  a  truly 
continuous  procedure  is  generally  preferred  in  industry. 


*  The  elementary  processes  of  the  two  groups  of  separating  processes  may  lie 
identical.  Thus  the  equilibration  of  a  liquid  with  a  solvent  when  shaken  together  and 
subsequently  separated,  is  the  elementary  process  underlying  both  countercurrent 
solvent  extraction  and  chromatography  with  liquid  moving  and  stationary  phases. 
The^elementary  process  of  adsorption  chromatography  with  a  liquid  moving  phase 
would  be  realiZedPby  shaking  the  liquid  and  the  adsorbing  agent  together  in  a  vessel 

and  separating. 
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Industrial  separations  will  not  be  dealt  with  in  this  book. 

In  laboratory  practice,  continuous  operation  is  seldom  essential,  since 
large  quantities  of  material  are  rarely  involved.  For  separating  components 
by  physical  means  on  a  small  scale,  distillation,  solvent  extraction  etc., 
carried  out  batchvvise,  were  formerly  the  most  widely  used  processes.  These 
methods  still  retain  their  value  for  dealing  with  mixtures  in  appreciable 
amounts.  They  are  now,  however,  supplemented  by  the  chromatographic 
procedures,  which  can  separate  samples  efficiently  in  quantities  far  too 
small  for  the  other  methods.  The  latter  have  the  further  advantages  that 
the  separating  equipment  itself  is  simpler,  that  the  operation  is  easier  to 
control  and  that  it  is  often  considerably  less  time-consuming. 

The  main  uses  of  chromatography  in  the  laboratory  are: 

(a)  as  analytical  methods  for  identifying  the  constituents  of  a  mixtuie 
qualitatively,  for  determining  them  quantitatively,  or  for  both  purposes, 

(b)  as  research  methods  for  determining  certain  physical  quantities,  such 


as  partition  coefficients  and  adsorption  isotherms ; 

(c)  as  preparative  procedures  for  isolating  components  (or,  in  complicated 
cases,  groups  of  components)  from  mixtures. 

The  first-mentioned  application,  in  particular,  has  aroused  a  wide  in¬ 
terest  in  chromatography  during  recent  years,  on  account  of  the  advantages 
already  mentioned  and  several  others  that  will  be  referred  to  later. 

Chromatography  has  most  of  the  general  advantages  of  the  physical 
methods  of  separation.  As  a  rule  they  are  carried  out  in  such  a  manner  that 
no  constituents  of  the  mixture  are  lost  and  no  new  substances  are  formed 
by  chemical  reactions.*  Consequently  if  a  substance  has  been  isolated  by 
one  of  these  methods,  it  is  almost  certainly  present  in  the  original  sample. 


The  Subdivision  and  History  of  the 
Chromatographic  Separations 

Subdivision  According  to  Phases  Employed 

In  chromatography,  as  has  already  been  stated,  the  components  of  the 
mixture  are  distributed  over  two  phases:  a  stationary  phase  and  a  moving 
phase. 

The  stationary  phase  may  be:  (I)  A  solid,  having  adsorptive  properties. 
We  then  may  speak  of  adsorption  chromatography.  (II)  A  liquid.  Methods 
of  this  type  were  originally  termed  “partition  chromatography”  by  the 
originators,  Martin  and  Synge.  The  liquid  stationary  phase  is  generally 
distributed  over  an  inert  solid  support  in  order  to  give  it  a  large  surface  for 
exchange. 


*  Aluminum  oxide,  for  instance,  would  preferably  not  be  used  as  adsorbing  agent 
into  Zftof/akohol.1"1^8  aC6t°ne'  Si"Ce  “  COnVCTtS  this  “"'Pound 
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The  moving  phase  can  be:  (1)  A  liquid-  (2)  A  gas  (or  vapor). 

W  e  hence  already  have  four  possible  basic  systems  of  chromatography 
The  names  given  to  these  systems  have  not  yet  been  standardized;  the 
nomenclature  that  will  be  employed  in  this  book  is  one  founded  simply  on 
the  states  of  aggregation  of  the  moving  and  stationary  phases,  respectively 
1  he  four  systems  will  thus  be  termed  as  follows. 


I.  Solid  stationary  phase 


1.  Liquid  moving  phase— “Liquid-solid 
I  chromatography”  (L.S.C.) 

2.  Gaseous  moving  phase— “Gas-solid  chro- 
.  matography”  (G.S.C.) 


II.  Liquid  stationary  phase 


1.  Liquid  moving  phase— “Liquid-liquid 
I  chromatography”  (L.L.C.) 

2.  Gaseous  moving  phase — “Gas-liquid 
k  chromatography”  (G.L.C.) 


Subdivision  According  to  Techniques 

A  further  subdivision  must  now  be  made  owing  to  the  fact  that  each  of 
these  four  methods  may  (at  any  rate  in  theory)  be  carried  out  by  three 
different  techniques.  They  are  termed : 

(a)  Elution  development. 

(b)  Frontal  analysis. 

(c)  Displacement  development. 

A  short  description  of  these  techniques  is  given  below.  In  order  to  avoid 
duplication  and  the  use  of  alternatives,  the  description  in  each  case  will 
deal  only  with  the  case  of  L.S.C.,  i.e.,  of  a  liquid  moving  phase  and  a  solid 
stationary  phase,  the  type  of  chromatography  to  which  they  were  first 
applied.  The  reader  will,  however,  readily  be  able  to  supply  the  alternatives 
for  a  gaseous  moving  phase  or  a  liquid  stationary  phase  himself. 

Elution  Development  (see  Figure  1.1,  a).  A  small  sample  of  the 
liquid  mixture  is  introduced  into  the  top  of  a  column  of  a  solid  adsorbent. 
For  the  sake  of  simplicity  the  mixture  is  assumed  to  contain  only  two  com¬ 
ponents,  A  and  B.  B  is  a  substance  that  is  more  powerfully  adsorbed  by 
the  solid  than  A . 

After  the  sample  has  been  taken  up  by  a  small  zone  of  the  adsorbing 
agent,  we  introduce  a  slow  current  of  a  liquid  (the  eluent)  that  is  not  ad¬ 
sorbed  by  the  solid,  or  at  all  events  is  less  strongly  adsorbed  than  either  A 
or  B,  in  order  to  wash  down  the  components  selectively.  The  zones  occupied 

*  This  nomenclature  is  that  recommended  during  the  Symposium  on  Gas  (Vapor 
Phase)  Chromatography  (London,  May-June  1956),  organized  by  the  Institute  of 
Petroleum  (see  Inst.  Petroleum  Rev.,  10,  217  (1956)). 
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Figure  1.1.  The  three  chromatographic  techniques  (schematic  and  idealized). 


by  A  and  B  originally  overlap,  but  they  travel  down  the  column  at  different 
speeds  in  accordance  with  the  strength  of  adsorption  of  the  components.  If 
the  difference  in  the  latter  property  is  sufficient,  the  process  ultimately  re¬ 
sults  in  an  actual  separation  of  A  and  B,  in  the  form  of  “bands”  of  sub¬ 
stance  in  eluent  solution.  The  band  of  the  solution  of  A  is  ahead  of  that  of 
B  and  is  separated  from  it  by  a  zone  of  pure  eluent.  This  state  of  affairs  is 
illustrated  to  the  right  of  Figure  1.1,  a  by  a  fictitious  plot  of  the  refractive 
index,  which  is  here  employed  as  property  for  characterizing  the  zones. 

By  admitting  a  further  amount  of  eluent,  the  bands  successively  emerge 
from  the  column.  If  they  are  visible,  as  in  the  case  of  colored  components 
or  when  using  suitable  indicators,  the  cut  points  may  be  determined  by 
inspection.  Otherwise  some  special  method  of  detection  is  required;  the  de¬ 
termination  of  the  refractive  index  might  be  used  for  this  purpose  here. 

A  drawback  of  this  technique  is  that  strongly  retained  components  travel 
very  slowly.  This  difficulty  can  be  overcome  by  successively  using  eluents 
with  an  increasing  affinity  for  the  adsorbent  or  by  “gradient”  elution 
(Williams6). 

Frontal  Analysis  (Figure  1.1,  b).  A  liquid  mixture  is  fed  into  a  col¬ 
umn  of  adsorbent,  in  this  case  during  the  whole  course  of  the  process,  one 
of  two  components  being  again  adsorbed  in  preference  to  the  other.  An  ad¬ 
sorbate  of  the  strongly  adsorbed  component  will  then  be  progressively 
milt  up  in  the  column  until  the  adsorptive  capacity  of  the  latter  is  satu¬ 
rated.  In  the  meantime  the  other  component  passes  through  the  column,  and 
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hreX^r  XT  ^  XPUre  State  Unti‘  the  Str0ng'y  adsorbed  constituent 
breaks  through  From  th,s  moment  on  the  mixture  flows  through  in  its 
original  composition.  s 


If  more  than  one  component  of  the  mixture  forms  adsorbates,  they  break 

rough  in  succession  in  an  order  depending  on  their  adsorptivities,  but 
with  exception  of  the  first  component  in  impure  form.  The  latter  case  will 
be  discussed  further  in  Chapter  8. 

Tiselius7  • 8  and  Claesson9  have  used  this  technique  for  analysis,  by  re- 
coiding  the  changes  in  concentration  as  the  fronts  of  material  leave  the 
column.  The  technique  has  hence  been  termed  “frontal  analysis.”  The  im¬ 
purity  of  all  the  bands  after  the  first,  however,  detracts  from  its  value  as 
an  analytical  procedure.  Its  greatest  usefulness  lies  in  the  possibility  of 
segregating  a  powerfully  adsorbed  minor  component  from  a  bulk  mixture. 

The  industrial  processes  referred  to  previously  under  the  heading  “Ap¬ 
plications”  are  carried  out  according  to  this  technique. 

Displacement  Development  (Figure  1.1,  c).  As  in  method  (a),  a 
small  sample  ( A  +  B)  is  introduced  into  the  column,  and  a  current  of 
liquid  is  subsequently  admitted.  Contrary  to  the  liquid  used  in  elution  de¬ 
velopment,  however,  that  employed  here  is  more  powerfully  adsorbed  than 
either  A  or  B,  so  that  it  displaces  these  components  and  forces  them  down 
and,  if  desired,  out  of  the  column.  The  mutual  displacement  causes  a  segre¬ 
gation  in  the  following  manner,  from  bottom  to  top  (see  Figure  1.1,  c): 

(1)  a  band  of  relatively  pure  A,  the  least  powerfully  adsorbed  substance; 

(2)  a  small  intermediate  zone  in  which  the  composition  changes  from  A 
to  B  ; 

(3)  a  band  of  relatively  pure  B; 

(4)  the  displacer  D. 

The  recovery  of  a  part  of  both  components  in  a  fairly  pure  state  is  the 
feature  distinguishing  this  technique  from  that  of  frontal  analysis. 

For  analytical  separations  it  possesses  the  disadvantage  that  the  bands 
of  constituents  are  not  separated  by  bands  of  relatively  pure  fluid  as  in 
elution  development.  Hence,  if  some  property  is  plotted  against  the  emerged 
volume  we  obtain  a  series  of  adjoining  “steps,”*  which  may  lie  at  different 
levels  if  the  property  observed  differs  in  value,  but  sometimes  do  not  and 
are  then  indistinguishable;  in  all  cases,  moreover,  the  boundaries  between 
the  steps  are  unsharp  owing  to  the  “overlap”  zone. 

^  The  displacement  technique  is  useful  for  preparative  purposes,  and  for 
isolating  a  component  in  concentrated  form  from  a  mixture,  with  the  object 
of  submitting  it  to  further  analysis  by  the  elution  method. 

The  four  basic  forms  of  chromatography  (L.S.C.,  G.S.C.,  L.L.C.  and 
G.L.C.),  together  with  the  three  techniques  of  execution  (elution  develop- 


*  See,  for  instance,  Figure  8.  6 
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Table  1.1.  Classification  of  Chromatographic  Methods 
(Including  names  of  investigators  who  have  employed  them) 


(1UU 

Stationary  phase 

I.  Solid 

II.  Liquid 

Moving  phase 

1.  Liquid  (L.S.C.) 

2.  Gas  (G.S.C.) 

1.  Liquid  (L.L.C.) 

2.  Gas  (G.L.C.) 

(a)  Elution 

develop¬ 

ment 

Tswett12  (1906) 
Kuhn,  Winter¬ 
stein  and 
Lederer13 
(1931) 

Cremer17  (1951) 
Jandk14,  16 
(1953/54) 
Patton,  Lewis 
and  Kaye16 
(1955) 

Martin  and 
Synge24 
(1941) 

James  and 
Martin26  -  27 
(1952) 

Ray28  (1954) 
Bradford, 
Harvey  and 
Chalkley29 
(1955) 

(b)  Frontal 
analysis 

Tiselius7  (1940) 
Claesson9-  10 
(1946) 

Phillips19-20-21 

(1953/54) 

(Phillips18) 

(1952) 

Phillips21  (1954) 

(c)  Displace¬ 
ment 
develop¬ 
ment 

Tiselius8  (1943) 
Claesson11 
(1949) 

Turner22  (1943) 
Claesson9  -  10  •  11 
(1946/49) 
Turkel’taub23 
(1950) 

Phillips19  - 20  - 21 
(1953/54) 

Levi25  (1949) 

ment,  frontal  analysis  and  displacement  development),  give  rise  to  twelve 
possible  ways  of  carrying  out  a  chromatographic  separation ;  some  of  these, 
however,  exist  only  on  paper  or  are  of  little  interest. 

These  twelve  possibilities  are  shown  diagrammatically  in  Table  1.1, 
which  includes  the  names  of  a  number  of  investigators  who  have  used  the 
particular  form  of  separation. 

Though  we  shall  be  concerned  only  with  a  few  of  these  possible  forms,  a 
brief  history  of  chromatography  in  general  may  be  useful  at  this  stage, 
since  the  procedures  to  be  discussed  have  been  considerably  affected  by  the 
others. 

Chromatography  was  first  employed  by  Tswett12  in  1906,  in  the  form 
denoted  as  L.S.C.,  elution  development,”  for  separating  components  of 
plant  pigments.  Since  he  thus  obtained  discrete  bands  of  colored  material, 
he  termed  his  method  “chromatography”  (literally:  “color  writing”).  This 
name  obviously  became  a  misnomer  when  the  methods  were  applied  to 
colorless  materials,  but  it  is  now  so  firmly  established  that  it  is  irreplaceable. 
Tswett ’s  procedure  remained  almost  unnoticed  for  25  years,  and  was  ac¬ 
tually  rediscovered  in  almost  the  same  form  by  Kuhn,  Winterstein  and 
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Lederer'S  who  used  it  to  resolve  plant  carotene  into  its  components.  The 

urther  development  of  L.S.C.  is  largely  due  to  the  Swedish  investigators 

T  '  anf  Claesson  -  ,  who  introduced  both  the  frontal  analysis  and 
displacement  techniques. 

The  adaptation  of  adsorption  chromatography  to  mixtures  in  the  form 
of  gas  or  vapor  (G.S.C.)  is  due  to  Turner**,  Claesson*  and  a  number  of 
other  workers  from  1943  on  and  involved  the  use  of  all  three  techniques  of 
operation.  It  will  be  more  fully  dealt  with  in  Chapter  8. 

“Partition”  chromatography  as  a  whole  was  introduced  by  Martin  and 
Synge24  in  1941  with  the  type  using  a  liquid  moving  phase  (L.L.C.),  in  a 
publication  entitled  “A  new  form  of  chromatogram  employing  two  liquid 
phases.  L.L.C.  was  further  developed  by  Martin  and  his  co-workers  to  a 
special  form  of  the  elution  technique  known  as  “paper  chromatography,” 
which  has  proved  so  fruitful  in  biological  and  medical  research  that  Martin 
and  Synge  were  awarded  the  Nobel  Prize  for  this  work  in  1952. 


The  liquid  stationary  phase  described  by  these  investigators  in  their 
1941  paper  was  supported  in  a  column  by  a  solid  of  large  surface.  (It  was 
water-saturated  silica  gel.)  In  the  same  paper  the  authors  announced  the 
possibility  of  using  a  gaseous  mobile  phase  with  a  similar  stationary  phase 
and  specifically  enumerated  the  advantages  such  a  method  would  possess. 
A  quotation  from  this  part  of  the  publication  will  clearly  prove  the  insight 
and  vision  of  these  pioneers. 


“The  mobile  phase  need  not  be'a  liquid  but  may  be  a  vapour.  We  show  below  that 
the  efficiency  of  contact  between  the  phases  (theoretical  plates  per  unit  of  length  of 
column)  is  far  greater  in  the  chromatogram  than  in  ordinary  distillation  or  extraction 
columns.  Very  refined  separations  of  volatile  substances  should  therefore  be  possible 
in  a  column  in  which  permanent  gas  is  made  to  flow  over  gel  impregnated  with  a  non¬ 
volatile  solvent  in  which  the  substances  to  be  separated  approximately  obey  Raoult’s 
law.  When  differences  in  volatility  are  too  small  to  permit  of  ready  separation  by 
these  means,  advantage  may  be  taken  in  some  cases  of  deviation  from  Raoult’s 
law.  .  .  .” 


In  spite  of  the  clarity  of  this  suggestion,  other  investigators  were  slow  in 
following  it  up,  a  fact  that  may  partly  have  been  due  to  the  prevailing  war 
and  the  difficulties  in  the  publication  and  circulation  of  scientific  literature. 
The  fact  is  all  the  more  remarkable  because  G.S.C.  was  being  actively  in¬ 
vestigated  during  this  period,  as  will  be  seen  from  the  dates  given  in  Table 
1.1. 

Ultimately  Martin,  together  with  James,  proceeded  to  elaborate  his  sug¬ 
gestion  himself.  The  work  was  started  in  1949,  and  the  results  were  pre¬ 
sented  at  the  Oxford  Congress  for  Analytical  Chemistry  in  195226.  This  first 
application  of  G.L.C.  dealt  with  “The  Separation  and  Micro-estimation  of 
Volatile  Fatty  Acids  from  Formic  Acid  to  Dodecanoic  Acid”.  The  word 
“micro-estimation”  stressed  one  of  the  characteristic  features  of  the 
method:  the  very  small  size  of  sample  employed. 
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Scope  of  the  Book 

We  shall  in  this  book  discuss  the  two  forms  of  chromatography  using  a 
gaseous  moving  phase:  gas-liquid  chromatography  and  gas-solid  chroma¬ 
tography.  The  amount  of  space  allotted  to  each  of  the  two  will  be  roughly 
proportional  to  its  practical  interest.  Since  G.L.C.  has  in  general  prove 
by  far  the  more  effective  and  versatile,  and  is  preferable  to  G.S.G.  except 
in  certain  special  cases,  it  will  be  dealt  with  in  considerably  greater  detail. 

In  the  present  chapter  a  preliminary  outline  of  the  two  methods,  their 
execution  and  some  of  their  features  will  be  given. 


Gas-Liquid  Chromatography 

Gas-liquid  chromatography  has  also  been  variously  referred  to  as  vapor- 
phase  chromatography,  gas-liquid  partition  chromatography,  gas-partition 
chromatography,  vapor  fractometry  and  by  several  similar  designations. 
The  term  G.L.C.  will  be  retained  in  this  book  with  a  view  to  the  classifi¬ 
cation  developed  in  the  preceding  pages. 

G.L.C.  is  almost  always  carried  out  by  the  technique  of  elution  develop¬ 
ment. 

The  equipment  normally  used  for  G.L.C.  is  shown  schematically  in 
Figure  1.2.  (Alternative  arrangements  are  also  possible.)  It  embodies  a 
tube,  which  may  be  straight,  U-shaped  or  coiled,  containing  a  column  of 
an  inert,  size-graded  solid,  which  merely  acts  as  the  support  for  the  sta¬ 
tionary  phase,  the  latter  being  a  liquid  of  low  volatility  at  the  temperature 
of  the  experiment.  The  stationary  liquid  can  in  some  cases  be  a  nonpolar 


tigure  1.2.  Diagram  of  apparatus  for  gas  chromatography. 
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liquid,  for  instance  a  hydrocarbon  oil.  Frequently,  however,  a  better  sepa- 
ration  of  components  is  obtained  by  employing  a  polar  liquid.  Examples 
illustrating  the  choice  of  the  stationary  phase  will  be  given  in  Chapter  2 
while  the  fundamentals  of  its  action  will  be  considered  in  Chapter  6. 

.A  small  sample  of  the  volatile  mixture  to  be  separated  is  introduced  into 
t  e  front  end  of  the  column  by  some  device  (shown  diagrammatically  in  the 
Figure).  The  column  is  maintained  at  a  certain  temperature  and  a  constant 
current  of  an  inert  gas  is  passed  through  it.  This  gas  is  the  eluent;  it  trans¬ 
ports  the  components  of  the  mixture  in  the  form  of  vapor  through  the 
column  at  different  speeds  and  causes  them  to  emerge  from  it  in  individual 

bands,  separated  by  zones  of  the  carrier  gas.  The  composition  of  the 
effluent  is  sensed  by  a  delicate  detecting  device,  capable  of  indicating 
the  presence  of  the  components  qualitatively  and  quantitatively. 

The  two  main  functions  of  the  process  and  the  equipment  are:  (a)  the 
separation  of  the  constituents  of  the  sample,  and  (b)  the  detection  and 
measurement  of  these  constituents.  The  development  of  G.L.C.  has  been 
largely  a  matter  of  (a)  discovering  the  most  favorable  operating  conditions, 
stationary  liquids  and  inert  supports,  and  (b)  developing  adequate  and 
sensitive  detecting  devices.  Though  these  matters  will  be  discussed  fully 
in  subsequent  chapters,  they  may  be  briefly  reviewed  at  this  point. 

The  separating  power  of  the  column  depends  upon  a  number  of  factors, 
including  the  nature  and  amount  of  the  stationary  liquid,  the  particle  size 
of  the  support,  the  uniformity^of  packing,  the  length  and  diameter  of  the 
the  column,  the  temperature,  the  nature,  velocity  and  pressure  distribution 
of  the  carrier  gas,  the  properties  of  the  components  of  the  mixture  to  be 
separated  in  their  solution  in  the  solvent  and  the  size  of  the  sample.  In 
analytical  applications  the  latter  is  as  a  rule  very  small  and  varies  between, 
say,  1  and  100  mg  in  weight.  The  upper  limit  is  determined  mainly  by  the 
dimensions  of  the  column.  G.L.C.  columns  have  high  efficiencies,  but  the 
latter  can  only  be  effectively  realized  if  the  sample,  after  introduction, 
occupies  only  a  small  elementary  section  of  the  column ;  otherwise  the  elu¬ 
tion  bands  will  become  broader.  It  is  therefore  of  importance  to  employ 
small  samples.  The  accurate  introduction  of  very  small  samples  gives  rise 
to  problems  of  its  own.  Liquid  samples  may  be  introduced  by  means  of  a 
micro-pipette,  a  capillary  tube,  by  a  hypodermic  syringe  through  a  serum 
cap  or  by  crushing  a  sealed  bulb;  gases  may  be  introduced  by  entrapping 
a  measured  volume  and  forcing  it  into  the  column  with  the  carrier  gas. 

,  The  methods  used  for  detecting  and  measuring  the  components  in  the 
'effluent  gas  can  be  divided  into  two  groups,  which  may  be  termed  integral 
types  and  differential  types ,  respectively.  In  the  former  some  effect  produced 
,by  a  component  in  the  effluent  is  registered  additively;  the  elution  curve 
(the  graph  showing  the  deflection  of  the  detector  against  the  time  or  volume 
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of  effluent)  in  this  case  therefore  shows  a  series  of  mounting  steps,  usually 
somewhat  sigmoid  in  shape  (Figure  1.3,  a).  A  differential  type  of  detector, 
on  the  other  hand,  registers  some  momemtary  property,  usually  physical, 
of  the  effluent  gas.  As  the  property  reverts  to  that  of  the  carrier  gas  between 
the  bands  of  components,  the  elution  curve  in  such  cases  shows  a  number  of 
peaks  on  a  horizontal  base  line.  In  G.L.C.  these  peaks  are  usually  more  or 
less  symmetrical  and  approximate  to  Gaussian  curves  (Figure  1.3,  b). 

The  integral  detecting  methods  include  the  automatic  titration  of  acid 
or  basic  constituents  in  the  effluent,  the  volume  of  titrating  fluid  being 
recorded  automatically.  This  system  was  employed  by  Martin  and  co¬ 
workers  in  their  original  work.  Differential  detection  is  at  present  more 
widely  utilized.  The  detecting  system  now  most  generally  used  is  based  on 
the  measurement  of  thermal  conductivity,  a  property  first  employed  for  de¬ 
tection  in  chromatography  by  Claesson.  Detection  by  thermal  conductivity 
is  usually  carried  out  on  a  comparative  basis.  The  detector  then  consists  of 
two  thermal  conductivity  cells — one  for  the  effluent  and  one  for  the  pure 
carrier  gas  (Figure  1.2) — and  the  difference  between  the  two  signals  is  am¬ 
plified  and  recorded.  This  principle,  which  eliminates  or  minimizes  certain 
fluctuations  in  operation,  is  also  applied  when  using  some  of  the  other 
differential  detecting  systems  to  be  described  in  Chapter  3. 

The  integral  systems  that  have  been  employed  allow  the  amount  of  the 
components  to  be  calculated  directly.  The  majority  of  the  differential  sys¬ 
tems,  on  the  other  hand,  require  calibration  of  their  response  for  individual 
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components,  but  when  dealing  with  small  samples  are  generally  more 
suitable. 


Gas-Solid  Chromatography 

The  apparatus  used  for  G.S.C.  can  in  principle  be  almost  identical  to 
that  employed  for  G.L.C.,  except  for  the  fact  that  the  column  contains  an 
active  adsorbing  agent  instead  of  an  inert  solid  impregnated  with  a  liquid. 

All  thiee  techniques  elution,  displacement  and  frontal  analysis — have 
been  used  in  G.S.C.  according  to  the  object  in  view  and  the  nature  of  the 
components. 

Except  in  the  case  of  components  of  very  low  boiling  point,  elution  de¬ 
velopment  in  G.S.C.  gives  rise  to  peaks  showing  a  marked  asymmetry;  they 
frequently  have  a  fairly  steep  front,  but  a  long,  drawn-out  “tail,”  a  shape 
obviously  unfavorable  to  sharp  separation.*  The  reasons  for  this  phenome¬ 
non  will  be  given  in  Chapter  4.  The  asymmetry  of  the  peaks  is  far  less 
marked  in  the  case  of  substances  of  low  boiling  point  (e.g.,  hydrogen,  nitro¬ 
gen,  oxygen,  methane,  carbon  monoxide,  etc.).  Such  mixtures  are  more 
readily  analyzed  by  G.S.C.,  than  by  G.L.C.,  which  is  normally  the  more 
versatile  method. 

Displacement  development,  which  is  not  easily  realized  in  G.L.C.  and 
frontal  analysis,  which  is  seldom  employed  in  G.L.C. ,  are  both  used  in 
G.S.C.  for  the  special  purposes  mentioned  in  describing  these  techniques,  t 

Advantages  and  Limitations  of  G.L.C.  and  G.S.C. 

The  phenomenal  rise  in  favor  of  G.L.C.  and  G.S.C.  since  their  introduc¬ 
tion  is  due  to  their  being  rapid  and  reliable  methods  of  separation,  easily 
carried  out  with  simple  equipment,  often  only  requiring  milligram  quan¬ 
tities  of  sample,  and  capable  of  identifying  and  measuring  series  of  com¬ 
pounds  that  are  separable  only  with  the  greatest  difficulty  by  other  meth¬ 
ods. 

A  comparison  of  G.L.C.  with  G.S.C.  and  the  other  forms  of  chromatog¬ 
raphy  shows  the  following  points  in  favor  of  the  first  method. 

1  /(l)  G.L.C.  is  at  an  advantage  with  respect  to  adsorption  chromato¬ 
graphic  methods  because  the  elution  bands  are  narrow  and  almost  sym¬ 
metrical,  as  opposed  to  the  “tailed”  bands  characteristic  of  the  adsorption 

methods. 

(2)  G.L.C.  compares  favorably  with  the  chromatographic  methods  using 
a  liquid  moving  phase  because  it  allows  of  high  flow  rates  and  is  hence 
rapid.  High  flow  rates  are  possible  because  of  the  low  viscosity  of  a  gas,  and 
permissible  owing  to  the  high  rates  of  mass  transfer  from  gas  to  liquid. 

(3)  There  is  a  wide  choice  of  stationary  liquids  for  G.L.C.  As  was  pre- 

*  See,  for  instance,  Figure  8.  7,  a. 
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dieted  by  Martin,  it  is  frequently  possible  to  separate  substances  of  equal 
boiling  point  by  a  proper  choice  of  the  stationary  phase.  G.L.C.  shares  this 
advantage  with  extractive  distillation  (as  opposed  to  normal  distillation) . 

An  important  feature  of  the  methods  of  gas  chromatography  is  that  they 
can  be  converted  to  a  considerable  extent  into  automatic  procedures.  The 
design  of  reliable  apparatus  for  this  purpose  involves  a  fair  number  of  diffi¬ 
culties.  Once  these  have  been  overcome,  however,  the  procedures  become 
so  easy  to  operate  that  they  are  extremely  suitable  for  routine  purposes, 
even  in  the  hands  of  personnel  with  limited  training  and  skill. 

Obviously  G.L.C.  also  has  its  limitations.  It  is  restricted  to  volatile  sub¬ 
stances.  The  vapor  pressure  of  a  component  should  exceed,  say,  10  mm  Hg 
at  the  temperature  of  the  column,  otherwise  its  rate  of  transport  through 
the  column  will  be  too  low  for  practical  purposes.  To  increase  the  vapor 
pressure  and  rate  of  transport  of  components,  the  column  may  be  operated 
at  an  elevated  temperature.  A  limit  to  this  temperature  is  set  by  (a)  the 
volatility  and  stability  of  the  stationary  liquid  and  (b)  the  suitability  of 
the  detector  for  the  temperature  concerned  (or  the  possibility  of  condensa¬ 
tion  if  the  detector  is  operated  at  a  lower  temperature).  The  upper  limit 
imposed  by  the  stationary  liquid  is  at  present  about  300°C. 

Although  it  has  proved  possible  to  separate  individual  components 
such  as  H2 ,  CH4 ,  C2H6 ,  C2H4 ,  etc.,  by  G.L.C.,  this  method  is  in  general 
not  suitable  for  the  analysis  of  low-molecular  weight  gases,  owing  to  the 
difficulty  of  finding  a  suitable  stationary  liquid.  As  a  rule  the  vapor  pres¬ 
sure  of  the  pure  components  should  not  be  much  above  approximately 
1000  mm  Hg  at  the  temperature  of  operation.  As  already  stated,  the  light 
gases  constitute  one  of  the  few  fields  in  which  G.S.C.  has  an  advantage 
over  G.L.C.  J 


Definitions  and  Nomenclature 

.  Chapter  2  discuss  the  use  of  G.L.C.  in  a  number  of  typical,  relatively 
simple  cases  where  it  is  not  necessary  to  go  deeply  into  the  theory  of  this 
process.  As  a  preliminary  to  that  and  later  chapters,  a  few  frequently  re¬ 
curring  terms  will  be  defined  at  this  stage. 

Figure  1.4  schematically  shows  the  elution  diagram  or  elution  curve  ob- 
tamed  in  G.L.C.  for  a  single  component  ( solute )  by  means  of  some  differ¬ 
ential  method  of  detection.  The  horizontal  axis  is  the  time  axis ■  at  a 
constant  gas  rate  it  is  also  equivalent  to  the  (gas)  volume  axis.  The  concen¬ 
tration  of  the  solute  in  the  effluent  is  plotted  vertically;  it  is  usually  ex¬ 
pressed  in  millivolts  deflection  of  the  recorder. 

When  no  solute  is  emerging  from  the  column,  the  recorder  pen  draws  a 

the  Iatter  “ 
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At  a  certain  point  in  time  I  ( zero  time )  the  substance  is  injected.  A  sub¬ 
stance  that  is  not  absorbed  by  the  stationary  liquid  breaks  through  the 
column  at  a  moment  0.  The  interval  I  —  0,  converted  to  a  gas  volume 
Fga8 ,  is  the  gas  hold-up  of  the  column. 

A  component  that  diffuses  into  the  stationary  liquid  and  is  partially  re¬ 
tained  by  it  travels  more  slowly  than  the  unabsorbed  carrier  gas  and 
emerges  to  give  the  more  or  less  symmetrical  peak  shown.  Thp  lpng-th  nf 
time  before  its  appearance,  or  the  equivalent  volume  of  gas,  is  the  retention 
time  or  retention  volume  ( R.V .).  The  latter  is  an  important  concept  in  chro¬ 
matography.  It  can  be  expressed  in  various  ways: 

i)  Retention  volumes ,  referred  to  I. 

a)  IG  is  the  retention  volume  referred  to  the  peak  maximum ,  or  center 
of  the  zone  for  a  symmetric  elution  curve  (7*); 

b)  I A  is  the  initial  retention  volume  (F«/); 

c)  IB  is  the  final  retention  volume  (F^f). 

ii)  “ Apparent ”  retention  volumes.  These  are  measured  from  0. 

a)  OG  is  the  apparent  retention  volume  (F'ft)  referred  to  the  peak  maxi¬ 
mum,  or  center  of  the  zone  for  a  symmetric  elution  curve; 

b) ,  c)  OA  and  OB  are  the  initial  and  final  apparent  retention  volumes, 

respectively  {Vr Ri  and  V'  Rf) ; 

Further  important  quantities  are: 

AB;  the  peak  width  at  base  (wb  or  w) ; 

CD ;  the  peak  width  at  the  inflection  points  (w,) ; 

EF ;  the  peak  width  at  half  height  (wh) ; 

GH\  the  peak  height. 


Figure  1.4.  Quantities  in  elution  diagram. 
OG  =  Vr  IG  =  Vr 

OA  =  V' ri  IA  =  Vri 

OB  =  V'rf  IB  =  v*r 
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These  quantities  are  useful  for  comparing  diagrams  obtained  under  equal 
conditions.  Factors,  among  others,  on  which  they  depend  are  the  gas  rate, 
the  inlet  and  outlet  pressures,  the  temperature,  the  nature  and  amount  of 
the  stationary  liquid,  and  the  gas  hold-up  of  the  column.  Except  for  the 
peak  height,  they  are  proportional  in  physical  length  to  the  chart  speed. 

In  a  great  many  cases  distances  and  heights,  as  measured  fiom  the  re¬ 
corder  chart,  can  be  used  for  calculation  instead _pf  retention  volumes  (or 
times)  and  concentrations  of  solute  in  the  column  effluent,  respectively. 
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Chapter  2 

STRAIGHTFORWARD  ANALYTICAL  APPLICATIONS 
OF  GAS-LIQUID  CHROMATOGRAPHY 

In  a  large  proportion  of  the  analyses  encountered  in  practice,  quite  satis¬ 
factory  results  can  be  obtained  in  G.L.C.  without  considering  the  funda¬ 
mental  theory.  The  majority  of  such  analyses  can  be  performed  adequately 
by  applying  a  number  of  fairly  simple  rules  and  a  certain  amount  of  trial 
and  error.  The  present  chapter  will  deal  with  these  straightforward  appli¬ 
cations. 

Firstly,  the  factors  affecting  the  procedure  will  be  discussed  generally. 
Some  examples  of  actual  separations  will  subsequently  be  quoted,  in  order 
to  illustrate  the  measures  adopted  in  solving  individual  problems. 

There  are,  however,  some  non-analytical  applications  of  G.L.C.  and  a 
few  critical  analyses  for  which  a  certain  knowledge  of  chromatographic 
fundamentals  is  essential.  The  theory  is  treated  in  Chapters  4  to  6  and  the 
“special”  applications  in  Chapter  7. 

A  detailed  description  of  the  apparatus  is  given  in  Chapter  3,  since  the 
necessary  equipment  will  often  be  available  or  may  be  purchased  as  a  whole. 

Factors  Concerned  in  G.L.C. 

There  are  three  main  aspects  to  be  considered  in  analysis  by  G.L.C.: 

(1)  The  effective  separation  of  the  sample  into  its  components; 

(2)  the  identification  of  these  components  (qualitative  analysis) ; 

(3)  the  estimation  of  the  amounts  in  which  they  are  present  (quanti¬ 
tative  analysis). 

These  aspects  will  be  discussed  separately. 

Factors  Affecting  the  Separation 

Column  Dimensions.  The  internal  diameter  of  analytical  G.L.C.  col¬ 
umns  usually  lies  between  4  and  8  mm.  The  efficiency  of  columns  having 
much  larger  diameters  is  lower  per  unit  of  length  than  that  of  columns 
within  the  above  range.  The  diameter  at  which  the  adverse  effect  com¬ 
mences  is  believed  to  be  about  12  mm;  at  all  events  the  author  has  observed 
that  the  deterioration  is  noticeable  at  20  mm  I.D.  and  is  considerable  at 
30  mm.  Nevertheless,  wide  columns  can,  with  certain  precautions,  be  used 
successfully  for  preparative  work  or  in  separating  fractions  for  further 
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analysis1*.  The  efficiency  of  the  column  may  then  be  restored  by  increasing 
its  length  or  by  other  measures,  which  will  be  mentioned  later. 

/The  length  of  analytical  columns  may  be  anything  between,  say,  1  and 
20  meters  (3  and  60  ft).  In  very  many  cases  a  column  of  2  meters  (6  ft) 
will  prove  satisfactory.  By  increasing  the  length,  the  separating  power  of 
the  column  improves,  but  not  to  a  proportional  degree,  because  other 
operating  variables  (such  as  gas  rates  and  pressures)  are  also  affected.  As 
will  be  shown  later,  we  can  express  the  efficiency  of  a  chromatographic 
column  in  terms  of  “plate  equivalents,”  as  in  the  case  of  a  distillation  col¬ 
umn.  Doubling  the  length  of  a  column  does  not  produce  a  corresponding 
doubling  in  the  number  of  plate  equivalents. 

All  the  same,  an  increase  in  length  will  result  in  an  improvement,  often  a 
substantial  one,  in  separating  power. 

The  Inert  Solid  Support.  The  liquid  stationary  phase  is  supported  in 
the  column  by  an  inert,  size-graded  solid  which,  when  impregnated  with 
the  liquid,  should  not  possess  adsorptive  properties. 

The  support  originally  used  by  James  and  Martinlb  was  “Celite”,  a  di- 
atomaceous  earth; /when  graded  as  described  by  these  authors  it  has  an 
average  particle  diameter  of  about  40/z.  Initially  the  same  material  (acid- 
washed  and  size-graded,  or  as  such)  was  used  by  most  investigators.  For 
various  reasons  a  very  small  particle  size,  as  present  in  “Celite”,  may  be 
expected  to  favor  separating  efficiency.  It  has,  however,  proved  extremely 
difficult  to  pack  a  narrow  column  uniformly  with  impregnated  “Celite”. 
Investigations2  have  shown  that  it  is  preferable  for  this  reason  to  employ  a 
considerably  coarser,  narrow-grade  solid;  this  has  the  further  advantage  of 
giving  a  much  lower  resistance  to  gas  flow/ Very  good  results  are  obtained 
by  using  screen  fractions  prepared  from  ground  fire-brick  of  snitablp  qnal. 
lty.'Two  types  of  fire-brick  that  have  given  satisfaction  are  Sterchamol 
Ao.  22  (a  German  make)  and  Johns-Manville  fire-brick  C22.  The  highest 
e  ciency  viz.,  the  best  compromise  between  small  particle  size  and  ab¬ 
sence  of  channeling,  was  obtained  with  30/50  or  50/80  A.S.T.M.  screen 

flrnrfi^n%mtheSe  maten?1S;  (Partlcle  diameters:  approximately  300-600 
ana  ioO-300  n,  respectively.)* 

Ihepretreatment  of  the  support,  its  impregnation  and  the  process  of 
fillmg  the  column  are  described  in  detail  in  Chapter  3 

is  wLSlhati°nariy.L1iqUid;  The  stationary  Phase  should  be  a  liquid  that 
,  y  nonvolatile  at  the  column  temperature.  The  liquid  chosen  de 

....  ^  as 

For  certain  hm.tations  to  the  use  of  ground  fire-brick  see  footnote  on  page  147. 
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ential  partitioning  of  the  components  to  be  separated;  secondly,  it  must 
have  a  sufficient  solvent  power  for  the  vaporized  components  in  question.* 
If  the  absolute  solvent  power  for  a  particular  component  is  low,  the  com¬ 
ponent  w  ill  pass  rapidly  through  the  column  and  the  separation  may  be 
pool  unless  the  component  differs  widely  in  solubility  from  neighboring 
constituents  and  the  sample  is  extremely  small.  x 

The  second  requirement,  in  particular,  demands  a  certain  compatibility 
between  the  stationary  phase  and  the  components.  A  useful  practical  rule 
is  that,  for  an  efficient,  normal  separation,  the  components  of  the  mixture 
(the  “solutes”)  and  the  stationary  liquid  (the  “solvent”)  should  preferably 
show  some  resemblance.  For  effecting  separations  according  to  boiling  point 
in  a  homologous  series  we  would  therefore  choose  a  non-polar  solvent  (say 
a  paraffinic  hydrocarbon)  if  the  components  are  themselves  little  or  not 
polar  (e.g.,  paraffinic  and  olefinic  hydrocarbons  or  ethers);  an  aromatic 
solvent  such  as  benzyldiphenyl  might  be  chosen  for  separating  aromatics,  a 
polar  liquid  such  as  polyethylene  glycol  for  separating  alcohols  and  amines, 
etc.  Some  solvents,  however,  have  a  wide  range  of  applicability  by  virtue  of 
their  composition.  The  phthalic  esters,  for  instance,  can  be  used  for  sepa¬ 
rating  a  large  variety  of  substances. 

In  Appendix  I,  a  list  is  given  of  stationary  liquids  suitable  for  certain 
special  purposes  and  of  others  that  are  more  generally  applicable.  The  list 
also  contains  some  further  indications  that  may  prove  useful,  such  as  tem¬ 
perature  limits  within  which  the  liquids  can  be  used. 

Departures  from  the  above  “rule  of  similarity”  are  frequently  necessary 
if  it  is  desired  to  separate  components  of  about  equal  boiling  points  but  of 
different  chemical  nature.  A  solvent  must  then  be  chosen  that  alters  the 
position  of  a  peak  of  one  substance  relative  to  that  of  another.  As  will  be 
shown  in  several  examples  in  this  and  subsequent  chapters,  the  required 
effect  can  often  be  obtained  by  employing  stationary  liquids  of  different 
polarity.  In  the  analysis  of  complex  mixtures,  giving  rise  to  many  peaks, 
interference  is  particularly  liable  to  occur;  it  is  therefore  the  rule  rather 
than  the  exception  that  such  mixtures  are  run  over  two  or  more  different 


stationary  phases. 

A  very  marked  shift  in  the  order  of  emergence  can  sometimes  be  realized 
by  using  a  stationary  liquid  containing  a  substance  with  which  one  of  the 
solutes  forms  a  loose  adduct.  An  example  of  this  type  is  found  in  a  publi¬ 
cation  by  Bradford,  Harvey  and  Chalkley3,  who  separated  butene-1  from 

*  The  latter  requirement  may  be  illustrated  by  an  analogy  chosen  from  liquid- 
liquid  extraction.  For  separating  a  mixture  of  a  paraffinic  hydrocarbon  and  an  aro¬ 
matic  hydrocarbon,  an  excellent  solvent  on  the  basis  of  selectivity  alone  would  be 
water  which  shows  a  high  preferential  solvent  power  for  the  aromatic  hydrocar  <  . 

However,  under  normal  conditions,  the  actual  solvent  power  of  water  for  these  hydro¬ 
carbons  is  so  low  that  impracticable  volumes  of  liquid  would  be  required. 
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isobutene  (boiling  points  -6.3  and  -6.9°C,  respectively)  with  a  stationary 
phase  containing  silver  nitrate.  In  this  case  butene-1  is  selectively  retarded 
by  adduct  formation. 

The  presence  of  water  in  a  sample  introduces  complications.  Few  sta¬ 
tionary  liquids  are  compatible  with  it;  it  is  also  frequently  adsorbed  to  a 
certain  extent  by  the  support.  Liquids  such  as  a  high-boiling  hydrocarbon 
or  ester  have  been  found  to  be  unsuitable  for  samples  containing  even  small 
quantities  of  water.  Diglycerol  and  certain  polyethyleneglycols  have,  how¬ 
ever,  been  used  with  success4a  (see  Example  G,  p.  46).  In  some  cases  it  will 
be  possible  to  remove  the  water  prior  to  the  analysis  by  some  suitable  treat¬ 


ment  (Example  G). 

There  are  available  numerous  stationary  liquids  that  can  be  used  at 
column  temperatures  up  to  about  150°C.  At  present  there  exists  a  marked 
tendency  to  extend  G.L.C.,  with  all  its  advantages,  to  higher  temperature 
ranges,  say  to  250  or  even  300°C.  This  extension,  even  assuming  thermal 
stability  of  the  substances  being  separated,  introduces  a  number  of  special 
difficulties. 

(A)  Practically  all  the  normal  organic  solvents  then  become  too  volatile 
and/or  unstable.  (Instability  is  promoted  by  the  catalytic  influence  of  the 
support.)  As  far  as  the  writer  knows,  certain  silicones,  Apiezon  grease  and 
bitumens  are  the  only  liquids  suitable  for  temperatures  above  250°C. 

(B)  In  the  case  of  polar  liquids  the  selectivity  for  structural  type  de¬ 
creases  at  high  temperatures. 

(C)  In  complex  mixtures,  such  as  petroleum  fractions,  the  number  of 
constituents  increases  enormously  with  the  boiling  point,  and  a  resolution 
into  individual  compounds  tends  to  become  impossible. 

For  the  last  two  reasons  high-temperature  G.L.C.  will  probably  find  less 
application  as  a  self-supporting  form  of  separation  than  that  at  lower  tem¬ 


peratures,  but  will  be  used  more  as  a  means  of  providing  fractions  that  are 
to  be  submitted  to  other  methods  of  analysis,  such  as  mass  spectrometry. 
It  is  particularly  in  this  field  that  wide  columns,  capable  of  dealing  with 

samples  up  to  a  few  grams  of  liquid  and  of  furnishing  fractions  of  appre¬ 
ciable  size,  will  prove  of  value4b. 

The  ratio  of  stationary  liquid  to  inert  support  may  in  practice  vary  be¬ 
tween  about  15: 100  and  50: 100  parts  by  weight.  “Celite”  and  the  fire-brick 
fractions  previously  referred  to  can  take  up  the  latter  quantity  without 
econnng  sticky.  If  the  proportion  of  liquid  is  large,  diffusion  phenomena 

„„ _  „  “  '  e"t  ten<?  t0 1lmpa]lr  the  separation,  particularly  at  high  rates  of 
gas  flo«  at  very  low  liquid  ratios-say  5:I00-the  support  may  possess 
sufficient  residual  adsorptivity  to  cause  tailing  of  the  elution  peaks5^  If  large 


t0  be  1683 S6ri0US  Whe"  empl°yine radiological 
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samples  have  to  be  separated  it  will  generally  be  advisable  to  use  a  fairly 
high  liquid  ratio.  For  small  samples  (say  up  to  20  Ml)  the  ratio  can  with 
advantage  be  reduced  to  15:100.  Under  constant  operating  conditions  the 
time  of  elution  (or,  more  exactly,  the  distance  OG  in  Figure  1.4)  is  propor¬ 
tional  to  the  amount  of  stationary  liquid.  Furthermore,  lower  liquid  ratios 
promote  the  establishment  of  equilibrium  and  hence  allow  higher  gas  rates 
to  be  employed.  The  use  of  a  low  liquid  ratio,  in  conjunction  with  a  small 
sample,  therefore  leads  to  a  considerable  saving  in  time,  an  important  con¬ 
sideration  in  routine  work.  A  small  sample  also  has  other  advantages  which 
will  be  mentioned  later. 

With  proper  precautions  a  column  charge  can  be  used  for  a  very  large 
number  of  analyses  of  volatile  substances,  often  2000  or  more.*  For  a  long 
life  of  the  charge  it  is  important  that  the  column  temperature  should  not 
exceed  a  value  determined  by  its  volatility  and  stability.  Maximum  tem¬ 
peratures  are  indicated  in  Appendix  I  for  the  various  stationary  liquids 
listed  there.  The  need  for  change  becomes  evident  by  a  decrease  in  the  re¬ 
tention  times  of  known  compounds  under  standard  conditions. 

The  Column  Temperature^  Changes  in  temperature  at  which  separa¬ 
tion  is  performed  tend  to  affect  the  volatilities  of  sample  constituents  in  the 
same  sense.  Small  temperature  changes  give  rise  to  only  small  alterations 
in  the  relative  volatilities.  A  considerable  increase  in  temperature,  however, 
usually  causes  a  definite  lowering  of  volatility  ratios.  Though  this  effect  is 
sometimes  compensated  by  increased  efficiency  of  the  column  with  rising 
temperature,  it  is  a  general  rule  that  separation  is  better  at  a  low  tempera¬ 
ture.!  \ 

Usually  the  temperature  is  determined  by  a  practical  consideration:  that 
is  to  say  it  is  so  chosen  as  to  give  a  satisfactory  time  of  analysis.  As  a  rough 
guide  it  may  be  said  that  a  temperature  about  equal  to  (or  a  few  tens  of 
degrees  above)  the  average  boiling  point  of  the  sample  will  be  convenient 
and  will  result  in  an  elution  period  between  approximately  10  and  30 
minutes. 

\  For  samples  of  very  wide  boiling  range  it  may  be  desirable  to  increase  the 
column  temperature,  either  gradually  or  in  steps,  during  the  course  of  the 
analysis.  If  integral  detection  based  on  some  property  such  as  acidity,  alka¬ 
linity  or  pressure  increment  is  adopted,  the  temperature  gradient  may 
obviously  be  a  gradual  one;  when  employing  certain  forms  of  differential 
detectors,  placed  within  the  column  thermostat,  it  is  essential,  however,  to 
increase  the  temperature  abruptly  between  two  peaks  to  a  predetermined 


*  See  however  Reference  10. 

t  This  point  may  be  illustrated  by  the  following  example.  Vaughan"  found  the 
relative  volatilities  of  m-  and  p-xylene  to  be  1.021  at  140°C  and  1.035  at  60  C.  n 
G.L.C.  analysis  a  single  peak  was  obtained  for  these  two  hydrocarbons  at  140  C  and 

one  with  a  marked  inflection  at  60°C. 
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higher  level  by  some  suitable  provision  in  the  thermostat  (see  Chapter  3), 
since  the  calibration  is  dependent  upon  temperature. NIn  analyzing  a  full- 
range  hydrocarbon  gas  containing  methane  to  the  C&  hydrocarbons,  for 
instance,  the  separation  may  be  started  at  0°C  or  room  temperature  for  the 
lower  members,  and  raised  to  60°C  for  the  elution  of  the  Cg  components. 
Separations  of  this  type  usually  require  columns  of  appreciable  length;  in 
such  cases  the  column  temperature  may  be  considerably  above  the  boiling 


point  of  the  solutes. 

The  stationary  liquid  and  the  column  temperature  together  determine 
the  relative  volatilities  of  the  components  to  be  separated.  The  combined 
influence  of  the  other  variables  is  extremely  complex  and  can  be  assessed  to 
a  sufficient  degree  only  by  considering  the  basic  theory.  Fortunately  it  is 
seldom  critical  within  the  limits  so  far  suggested.  The  factors  due  to  the 
carrier  gas  to  be  discussed  below,  however,  are  somewhat  more  important 
and  need  due  attention. 

vThe  Nature  of  the  Carrier  Gas.  The  carrier  gases  most  frequently  used 
are  nitrogen,  hydrogen,  helium  and  carbon  dioxide. \ 

From  the  aspect  of  separation  in  the  column,  nitrogen  and  carbon  dioxide 
are  slightly  better  than  the  two  lighter  gases,  which  enhance  axial  diffusion 
of  the  solutes^  a  factor  lowering  the  efficiency.  Considerations  on  detection 
and  the  quantitative  interpretation  of  chromatograms,  however,  usually 
have  a  much  greater  weight  in  the  choice  of  the  carrier  gas.  Some  systems  of 
detection  including  the  widely  used  katharometer — are  more  sensitive 
with  the  lighter  gases.  In  the  United  States,  where  helium  is  obtainable  at 
low  cost,  this  noninflammable  gas  has  become  very  popular  for  G.L.C. 
Both  hydrogen  and  helium  simplify  the  quantitative  interpretation  of 
katharometer  diagrams  to  a  certain  extent.  In  spite  of  its  slight  disadvan¬ 
tages  in  these  respects,  nitrogen  is,  however,  still  widely  used. 

Caibon  dioxide  finds  its  main  application  in  integral  detection  systems 
involving  a  removal  of  the  carrier  gas  by  alkali.  Hydrogen  is  used  in  the 
burner-and-thermocouple  detector  recently  introduced  (see  p.  74). 

The  Gas  Rate.  In  accordance  with  the  usual  practice,  flow  rates  of  the 
carrier  gas  will  be  expressed  here  in  terms  of  the  volumetric  rate  at  the 
column  outlet,  measured  at  the  pressure  prevailing  there  and  at  the  tem¬ 
perature  of  the  surrounding  air. 


As  will  be  shown  in  Chapter  5,  the  column  efficiency  depends  upon  the 
linear  gas  velocity,  which  itself  is  not  uniform  along  the  column.  For  a 
certain  set  of  operational  conditions  there  is  an  optimum  linear  gas  velocity 

critical*5 parameter!3  ^  “d  ““  gaS  ^  con— ^  not  a  high* 

The  volumetric  gas  rate  to  be  used  depends  on  the  column  diameter 
among  other  factors.  The  gas  rates  reported  in  literature  as  having  b^n 
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employed  for  columns  of  6  mm  I.D.  range  from  about  10  to  400  ml/min. 
Very  low  and  very  high  gas  rates  both  adversely  affect  the  efficiency  of 
separation.  A  value  of  100  ml/min.  will  in  general  be  satisfactory  in  practice 
for  columns  of  this  diameter,  but  in  certain  circumstances  a  higher  rate 
provides  an  effective  means  of  accelerating  elution. 

For  columns  of  different  widths  the  volumetric  gas  rate  should  be  varied 
in  proportion  to  the  squares  of  the  diameters,  so  as  to  maintain  the  average 
linear  rate  at  approximately  the  same  figure. 

Column  Pressures. vThe  required  gas  rate  is  obtained  by  applying  a 
pressure  difference  between  column  inlet  and  outlet.  The  pressure  at  one  of 
these  points  can  be  chosen  at  will.  Frequently  either  the  inlet  or  the  outlet 
is  allowed  to  ride  at  the  prevailing  atmospheric  pressure;  sometimes  both 
pressures  are  controlled.s 

Good  reasons  exist  for  avoiding  the  use  of  very  low  outlet  pressures.  It  is 
frequently  believed  that  it  must  be  possible  in  G.L.C.,  as  in  distillation,  to 
transport  a  component  of  low  volatility  more  rapidly  at  a  low  than  at  a 
high  column  pressure.  This  belief  is  in  the  main  erroneous.  As  will  be  seen 
later,  the  rate  of  transport  is  roughly  proportional  to  the  pressure  differ¬ 
ence  over  the  column,  and  only  to  a  minor  extent  dependent  on  the  absolute 
value  of  the  pressures.  For  instance,  the  time  of  elution  for  a  component,  at 
atmospheric  inlet  pressure  and  an  outlet  pressure  of  0.2  atm.,  will  not  differ 
much  from  the  elution  time  at  1.8  and  1  atm.  inlet  and  outlet  pressures,  re¬ 
spectively.  Since  the  product  of  pressure  and  gas  velocity  is  virtually  con¬ 
stant  along  the  column,  the  gas  velocity  will  be  more  uniform  at  a  low  than 
at  a  high  inlet-to-outlet  pressure  ratio  (1.8  versus  5  in  the  above  example) 
and  it  will  be  possible  to  operate  the  whole  column  closer  to  the  linear  gas 
velocity  corresponding  to  optimum  efficiency.  Though  it  is  not  impossible 
to  run  a  column  efficiently  at  a  pressure  ratio  of  10  or  even  more  (see  Chap¬ 
ter  5),  the  operating  variables— notably  the  gas  rate— become  much  more 
critical. 

It  is  a  virtue  of  the  coarse-grained  supports  (mentioned  on  p.  19)  that 
they  produce  low  pressure  gradients  and  low  pressure  ratios.  W  ith  a  sup¬ 
port  of  this  type,  columns  up  to  20  meter  long  may  be  operated  at  a  pressure 
drop  of  at  most  1  atm.  The  best  arrangement  is  then  to  employ  atmospheric 
outlet  pressure  and  2  atm.  inlet  pressure.  A  pressure  ratio  below,  say,  3 
should  at  all  events  be  aimed  at.  In  the  case  of  very  long  columns  and 
columns  containing  a  fine  support  this  figure  may  be  attainable  only  by 
using  elevated  pressures  both  at  the  inlet  and  outlet. 

Columns  with  a  low  resistance  can  be  operated  without  disadvantage  at 
somewhat  reduced  pressures  if  desired.  It  has  been  claimed  that  the  intro¬ 
duction  of  the  sample  by  syringe  becomes  somewhat  more  reproducible  at 
an  inlet  pressure  below  atmospheric.  A  low  outlet  pressure  may ,  for  instance 
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when  using  thermal  conductivity,  also  tend  to  improve  the  sensitivity  of 
the  detector. 

\  Introduction  of  the  Sample  and  its  Size.  The  various  techniques  of 
sample  introduction  are  dealt  with  in  Chapter  3.  For  liquid  samples  the 
most  commonly  used  method  is  by  micro-syringe  with  a  needle  through  a 
rubber  serum  cap.  Another  procedure  consists  in  crushing  a  sealed  ampoule 
in  a  chamber  in  the  carrier  gas  supply;  when  introducing  the  ampoule  the 
chamber  is  temporarily  by-passed.  The  syringe  method  is  extremely  rapid 
and  convenient;  though  it  has  been  criticized  on  the  score  of  being  subject 
to  systematic  errors,  it  is  capable,  with  experience,  of  dispensing  minute 
samples  with  surprising  reproducibility.  For  gaseous  samples  the  accepted 
technique  is  the  displacement  of  a  known  volume  from  a  calibrated  chamber 
by  the  carrier  gas.  \ 

If  the  narrowest  elution  peaks  are  to  be  obtained  the  method  of  introduc¬ 
tion  should  be  designed  to  bring  the  sample  into  the  column  in  the  most 
concentrated  form,  viz.,  into  the  shortest  possible  column  section.  The  syr¬ 
inge  method  is  very  satisfactory  in  this  respect. 

Theory  shows  that  the  efficiency  of  separation  in  a  gas-chromatographic 
column  improves  as  the  size  of  the  sample  is  reduced.  Together  with  the  ad¬ 
vantages  stated  (p.  22)  this  fact  provides  important  motives  for  using 
very  small  samples.  With  a  normal  analytical  column  of  4-8  mm  I.D. 
a  liquid  sample  of  2  to  20  microliters  (yul)  and  a  gas  sample  of  }/%  to  5  milli¬ 
liters  (ml),  measured  at  atmospheric  pressure,  is  generally  satisfactory. 


v  Exceptions  do,  however,  occur.  It  may  sometimes  be  necessary  to  esti¬ 
mate  components  present  only  in  traces,  for  which  purpose  G.L.C.  is  ex¬ 
tremely  suitable.  In  such  cases  the  use  of  a  larger  sample  (say  up  to  200 
/il  of  liquid)  may  be  essential  in  order  to  obtain  a  sufficient  response  from 
the  detector  for  the  trace  component.  The  resulting  reduction  in  column 
efficiency  may  then  cause  a  partial  masking  of  small  peaks  by  larger  ones, 
and  should  then  if  necessary  be  compensated  for  by  resorting  to  a  longer 
columns  As  will  be  shown  in  Chapter  4,  the  size  of  the  sample  may  be  in¬ 
creased  in  proportion  to  the  square  root  of  the  column  length,  so  that  dou¬ 
bling  the  sample  would  entail  a  fourfold  increase  in  length.  Other  measures 
besides  the  latter  that  may  be  used,  either  alone  or  in  combination,  for 
dealing  with  large  samples  are  increasing  the  column  diameter  and  in¬ 
creasing  t  le  proportion  of  stationary  phase  to  support  (see  pp.  21-22)  The 
former  of  these  two  measures  does  not  result  in  a  higher  concentration  of  the 
constituent,  since  it  involves  raising  the  gas  rate  in  the  same  ratio.  An  in¬ 
crease  in  the  amount  of  stationary  liquid  is  therefore  probably  one  of  the 

essays  of  dealing  with  the  large  amounts  of  sample  necessary  for  the  de- 
tection  of  trace  components. 
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The  Identification  of  Components 


\ Under  a  definite  set  of  operational  conditions  the  retention  volume* 
or  retention  time  is  characteristic  of  a  certain  component. 

In  many  cases  particularly  in  routine  work — the  components  present 
in  the  mixture  to  be  analyzed  will  be  known  with  fair  certainty,  and  so  long 
as  conditions  remain  unaltered!  the  constituents  can  then  be  identified  by 
a  simple  comparison  of  their  retention  volumes  with  those  found  in  some 
previous  analysis.  The  time  axis  of  a  constant-speed  recorder  chart  can 
obviously  be  used  for  this  purpose  instead  of  a  volume  axis. 

If  there  is  less  precise  information  on  the  constituents  of  the  mixture, 
three  methods  may  be  used  as  aids  in  their  identification.  They  are:  (a) 
the  method  of  adding  a  supposed  component,  (b)  the  method  of  logarithmic 
plotting,  (c)  isolation  and  separate  identification,  i 

The  Addition  of  a  Supposed  Constituent.  If  the  sample  is  mixed 
with  a  pure  compound  that  is  suspected  of  corresponding  to  a  certain  peak, 
and  a  new  chromatogram  is  run,  the  height  of  the  peak  will  be  increased  if 
the  supposition  is  correct,  -while  a  new  peak  (or  break  in  the  old  peak)  will 
usually  be  found  if  the  two  compounds  are  not  identical.  There  remains,  of 
course,  the  possibility  that  the  substance  added  has  the  same  retention  vol¬ 
ume  as  another  compound  already  present,  and  thus  gives  a  single  peak 
with  it.  If  any  doubt  remains  in  this  respect,  recourse  may  be  had  to  ex¬ 
periments  with  stationary  liquids  of  differing  polarity;  one  or  more  of  these 
will  generally  resolve  the  peak  into  two,  or  cause  a  break,  if  the  compounds 
are  not  the  same. 

Special  Plots  of  Retention  Volumes.  James  and  Martinlb  showed 
in  their  original  publication  that  for  normal  and  iso  fatty  acids  a  plot  of  the 
logarithm  of  the  retention  volume  (corresponding  to  the  distance  OG  in 
Figure  1.4)  against  the  number  of  carboi  atoms  yields  an  almost  straight 
line,  at  all  events  above  a  certain  chain  length,  in  this  case  above  about  4  C 
atoms  (see  Figure  2.1).  As  shown  in  Figures  2.2  and  2.3,  Ray6  and  others 
have  since  then  shown  that  similar  relationships  exist  for  several  other 
homologous  series  of  organic  compounds  as  solutes  and  a  variety  of  sta¬ 
tionary  liquids. 


*  In  the  case  of  small  samples  that  are  introduced  virtually  instantaneously  into 
the  column  the  correct  parameter  for  use  is  VR  (i.e.,  the  distance  IG  in  Figure  1.4). 
Small  variations  in  the  size  of  the  sample,  in  the  manner  of  introducing  it  and  a  con¬ 
siderable  deviation  in  the  ideality  of  the  solute-solvent  system  may  cause  slight  fluc¬ 
tuations  in  this  parameter.  Often,  however,  the  initial  or  final  retention  volumes 
(I A  or  IB)  then  prove  to  be  constant.  It  will  frequently  repay  the  trouble  to  settle 

this  point  by  a  few  experiments  for  a  given  set  of  conditions. 

f  As  will  be  shown  in  Chapter  7,  retention  volumes  can  be  converted  to  a  quantity 
(the  partition  coefficient)  that  is  dependent  only  on  temperature.  See  also  Littlewood, 


Phillips  and  Price6. 


log.  (R.V.i 


C  ATOMS 

Figure  2.1.  log  (retention  volume)  against  no.  of  carbon  atoms.  Column  liquid 
silicone/stearic  acid;  137°C.  (After  James  and  Martin). 


RM 


1.  Paraffins  (n-C6H12— n-C7Hi6) 

2.  Alcohols  (normal)  (CH3OH— n-C6HnOH) 

3.  Formates  (HC02C2H5-HC02C<H9) 

4.  Acetates  (CH3C02CH3-CH3C02C3H7) 

6.  Methyl  ketones  (CH,.CHO~n.C(H1,  CO  CH.) 
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log  (R.V.H ARBITRARY  UNITS  ) 


Figure  2.3.  log  (retention  volume)  of  a-olefins  against  no.  of  carbon  atoms.  Column 
liquid:  dinonyl  phthalate. 

Plots  of  this  type  hold  for  one  set  of  conditions  only.  For  conversion  to 
another  temperature  use  may  be  made  of  a  linear  relationship  between  log 
R.V.  and  the  reciprocal  of  the  absolute  temperature*,  a  relation  equivalent 
to  the  well-known  linearity  of  log  (vapor  pressure)  against  l/T.  This  holds 
satisfactorily  for  temperature  ranges  of  100°C  or  even  more.  A  few  of  such 
plots,  due  to  Phillips  et  al.\  are  shown  in  Figure  2.4. 

Another  very  valuable  form  of  graphic  representation,  also  first  employed 
by  Martin7  and  co-workers,  consists  in  plotting  the  retention  volumes  for 
one  stationary  phase  against  those  for  another.  If  proportional  scales  are 
used  for  both  retention  volumes,  as  was  done  by  these  authors,  straight 
lines  through  the  origin  are  obtained  for  homologous  series  of  solutes  (see 
Figure  2.5) ;  the  slopes  of  the  lines  are  characteristic  of  the  functional  group¬ 
ing.  By  plotting  both  scales  logarithmically,  as  was  done  by  Pierotti  et  al .8, 
the  resulting  graph  shows  a  series  of  almost  parallel  straight  lines  (Figure 
2  6)  and  the  intercepts  are  characteristic  of  the  functional  grouping. 

The  usefulness  of  such  identification  plots  is  limited  by  the  fact  that  re¬ 
tention  volumes  change  with  the  operational  variables  employed.  A  metho 

,  R-V.  ,  1 

*  Or,  more  correctly,  between  log  ^  ana 
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of  overcoming  this  difficulty  is  to  express  retention  volumes  as  ratios  with 
respect  to  those  of  certain  standard  compounds  under  the  same  conditions; 
for  this  purpose  a  number  of  convenient  standard  values  determined  under 
definite  circumstances  is  required.  The  procedure  eliminates  the  operational 


!o9  (K  V.) 
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variables,  except  the  temperature,  which  may  be  dealt  with  by  the  l/T 
method  already  indicated.  A  sounder  procedure  consists  in  eliminating  the 
experimental  parameters  fully  by  a  complete  correction  of  retention  volumes6 
or  partition  coefficients9,  but  such  a  calculation  is  somewhat  laborious  and 
will  seldom  be  necessary  in  the  cases  considered  in  this  chapter. 

Isolation  and  Separate  Identification.  Another  method  consists  in 
condensing  the  relevant  fraction  by  a  cold  trap  and  submitting  it  to  identifi- 

R.V.  IN  PARAFFIN 


Figure  2.5.  Retention  volumes  in  benzyldiphenyl  against  retention  volumes  in 
paraffin.  (After  Martin.) 

log  R  V.  (DIISODECYL  PHTHALATE! 


Figure  2.6.  log  (retention  volumes)  in  triol  against  log  (retention  volumes)  in  dnso- 
decyl  phthalate.  (After  Pierotti  et  al.) 

1.  n- Alkanes;  2.  Alkanones;  3.  Tertiary  alkanols;  4.  Secondary  alkanols;  5.  1- 
kanols. 
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cation  by  mass  spectrometry;  alternatively,  the  condensed  fraction  might 
be  analyzed  by  other  physical  or  chemical  means,  but  in  such  cases  it  would 
be  necessary  to  use  a  large  column  and  a  sample  of  appreciable  size. 

Quantitative  Determination  of  Components 

When  the  components  of  a  sample  have  been  identified  it  will  usually 
be  required  to  determine  the  amounts  in  which  they  are  present. 

With  the  integral  detection  systems  so  far  used,  an  “absolute”  property 
is  registered;  no  calibration  of  the  detector  is  then  necessary  and  the 
amounts  of  each  constituent  can  be  calculated  directly.  This  is  the  case 
when  an  automatic  titrating  device  is  used,  as  was  done  by  James  and 
Martin115' 7  for  the  estimation  of  organic  acids  and  bases,  and  by  Boer10  for 
the  determination  of  acids,  bases,  aldehydes  and  ketones,  or  when  the 
constituents  of  a  gas  are  collected  over  alkali,  using  C02  as  carrier  gas,  and 
are  determined  either  by  volume  at  constant  pressure  (Janak11)  or  by  pres¬ 
sure  increments  at  constant  volume  (Van  de  Craats12). 

With  the  more  generally  employed  detectors  of  the  differential  type  the 
methods  of  quantitative  interpretation  depend  upon  the  system  of  detection 
used  (see  Chapter  3).  In  many  of  these  systems  the  response  of  the  detector 
will  vary  with  the  component  to  be  sensed;  in  some  of  the  others  the  re¬ 
sponse  is  stated  to  be  either  independent,  within  limits,  of  the  nature  of  the 
components  or  predictable  from  their  structure.  An  instance  of  the  latter 
type  is  detection  by  /9-ray  ionization14-  21. 

We  shall  here  mainly  consider  the  use  of  the  katharometer  (thermal 
conductivity  cell),  at  present  probably  the  most  widely  used  sensing  de¬ 
vice.  This  detector  belongs  to  the  first  category  mentioned  above:  its  re¬ 
sponse  varies  not  only  with  the  amount,  but  as  a  rule  also  with  the  type  of 
compound  that  is  sensed.  A  quantitative  interpretation  of  a  chromatogram 
obtained  with  a  katharometer  therefore  as  a  rule  requires  a  procedure  of 
calibration  and  hence  usually  involves  the  determination  of  chromatograms 
with  pure  components  of  the  sample,  either  singly  or  as  mixtures. 

For  insurmg  results  of  the  highest  accuracy,  calibration  is  always  es¬ 
sential  with  the  katharometer,  on  account  of  all  sorts  of  non-linearities  in 
its  response.  It  is  true  that  calibration  can  sometimes  be  dispe“th  ff 
the  very  highest  precision  is  not  required.  With  hydrogen  or  helium  as 
carrier  gas,  the  response  of  the  thermal  conductivity  detector  is  much  ,e  " 
dependent  upon  the  nature  of  the  components  than  with  nitrogen  If  the 
constituents  do  not  vary  too  much  in  type,  we  can  theT^re  Smes 
calibration  when  using  one  of  the  two  light  eases  Pi lihrnf  ™  1 

be  omitted  when  using  nitrogen  with  hiiiuT  “Ration  may  also 
similar  type  (for  instance  fatty  acids)  U  &T  t  sul)stances  of 

The  necessity  of  calibrating  is  not  a  serious  disadvantage  in  dealing  with 
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regularly-recurring  samples  of  more  or  less  constant  type.  On  the  other 
hand,  it  involves  a  loss  in  time  with  incidental  samples.  Fortunately  in  such 
cases  calibration  can  often  be  simplified  considerably  by  the  use  of  the 
bracketing”  technique,  which  will  be  described  later. 

The  actual  quantitative  interpretation  of  a  differential  gas  chromatogram 
is  based  either  on  the  peak  height  or  the  peak  area.  The  latter  is  funda¬ 
mentally  the  more  correct  parameter.  The  height  is  very  sensitive  to  varia¬ 
tions  in  the  operating  conditions,  particularly  in  the  temperature;  the  area 
is  mainly  sensitive  to  changes  in  the  gas  flow  rate. 

The  areas  of  peaks  may  be  determined:  (a)  by  cutting  them  out  from 
the  chart  and  weighing  them,  (b)  by  means  of  a  planimeter,  (c)  by  employ¬ 
ing  some  automatic  integrating  device  in  the  recording  equipment  (e.g.,  an 
integrator  motor  or  a  ball-and-disc  integrator,  see  Appendix  II),  (d)  by  one 
of  several  methods  of  geometric  approximation.  Among  the  latter  methods 
one  frequently  used  consists  in  multiplying  the  peak  height  by  the  width  at 
half  height  ( HG  X  EF  in  Figure  1.4).  For  various  reasons  the  writer  pre¬ 
fers  (half)  the  product  of  peak  height  and  the  width  given  by  the  inflection 
tangents  at  the  base  {HG  X  A  B). 

Sometimes  calibration  can  be  extremely  simple.  A  case  that  is  fre¬ 
quently  encountered  is  the  determination  of  a  minor  component — say  an 
impurity — in  a  material.  If  it  is  possible  to  introduce  a  sample  of  suffi¬ 
ciently  accurate  size,  calibration  may  be  performed  by  preparing  a  few 
mixtures  of  the  basic  material  with  various  amounts  of  the  minor  constit¬ 
uent  (or  by  simply  adding  a  known  amount  of  the  trace  impurity  above 
that  already  present)  and  analyzing  these  mixtures  under  the  same  condi¬ 
tions  as  the  sample.  The  peak  height  or  area  can  then  be  taken  as  a  direct 
measure  of  the  amount  of  the  trace  constituent. 

Frequently,  however,  a  quantitative  evaluation  cannot  be  done  on  an 
absolute  basis,  because  it  may  be  difficult  or  inconvenient  to  measure  off 
the  sample  with  sufficient  absolute  accuracy.  (This  is  often  the  case  when 
using  the  syringe  technique  for  very  small  samples.)  Two  methods  aie  then 
available  for  eliminating  the  amount  of  the  sample:  (a)  the  “marker” 
technique  and  (b)  the  “method  of  internal  normalization.” 

The  Marker  Method.  This  method  consists  in  adding  to  the  sample  an 
accurately  known  amount  of  a  suitable  pure  substance  (the  maiker  ), 
usually  this  is  a  compound  not  present  in  the  sample.  To  simplify  the  ex¬ 
planation  let  us  suppose  that  the  sample  originally  contains  two  compo¬ 
nents  A  and  B.  For  calibration  we  should  then  run  chromatograms  on  syn¬ 
thetic  mixtures  of  pure  component  A  and  the  marker  in  several  accurately 
known  proportions,  the  latter  being  chosen  in  the  neighborhood  of  the  pro¬ 
portion  that  is  to  exist  in  the  case  of  the  actual  sample  The  ratios  of  the 
areas  of  the  peaks  for  the  marker  and  for  A  are  now  plotted  against  the 
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ratios  of  the  amounts  actually  present;  this  plot  will  frequently  be  a  straight 
line  over  the  restricted  range  in  question.  The  same  procedure  will  be  re¬ 
peated  with  pure  component  B.  (In  none  of  these  runs  need  the  size  of  the 
sample  be  exactly  known.)  The  actual  analysis,  also  with  a  known  amount 
of  marker  in  the  sample,  is  then  performed  and  the  ratios  of  marker  to  com¬ 
ponent  peaks  are  again  determined.  The  composition  of  the  sample  can 
then  be  calculated.  (The  tacit  assumption  that  the  ratios  do  not  change  by 
the  presence  of  more  than  one  component  is  closely  satisfied.) 

The  peak  of  the  substance  employed  as  marker  should  be  situated  near 
those  of  the  components  to  be  estimated,  but  should  not  overlap  them. 
For  reasons  of  accuracy  the  height  of  the  marker  peak  should  also  not  differ 
too  much  from  that  of  the  component  of  interest.  Consequently,  each 
component  to  be  determined  may  require  its  own  marker,  though  one 
marker  may  be  used  in  favorable  circumstances  for  two  or  even  three  con¬ 
stituents.  The  use  of  a  marker  for  a  preponderating  component  has  the  dis¬ 
advantage  that  it  causes  an  appreciable  dilution  of  the  sample  and  thus 
impairs  the  over-all  accuracy. 

For  these  reasons  the  marker  technique  should  preferably  be  restricted 
to  the  determination  of  a  few  constituents  only,  occurring  in  amounts  up 
to,  say,  10  per  cent  in  mixtures  of  not  too  complex  a  nature. 

The  Method  of  Internal  Normalization.  Let  us  first  assume  that  the 
area  under  each  peak  is  directly  proportional  to  the  amount  of  the  com¬ 
ponent  to  which  it  belongs  and  is  independent  of  its  nature.  We  could 


then  calculate  the  composition  by  adding  together  all  the  peak  areas  and 
finding  the  proportion  of  each  area  to  this  total.  If  hydrogen  or  helium  is 
used  as  carrier  gas  this  procedure  may  actually  be  adopted,  provided  a  small 
range  of  closely  similar  compounds  is  involved  and  the  highest  accuracy  is 
not  essential.  In  other  cases  the  peak  areas  cannot  be  used  directly  for 
calculating  the  composition,  but  must  first  be  multiplied  by  factors  de¬ 
pending  on  the  components  concerned,  before  they  are  added  and  propor¬ 
tioned.  1  he  factors  must  be  determined  by  the  preparation  and  analysis  of 

a  suitable  number  of  synthetic  blends  made  up  of  the  pure  substances  in 
question. 

Within  moderate  variations  in  operational  circumstances  and  sample 
composition  the  calibration  factors  may  be  taken  as  constant.  Their  de¬ 
termination  however,  obviously  requires  considerable  time  and  is  mainly 
necessary  where  samples  of  similar  type  have  to  be  analyzed  repeatedly 

r  incidental  analyses  the  procedure  can  be  considerably  simplified  by 
using  the  so-called  bracketing  technique.  In  this  technique  L  approximate 

the  component  in  the 

a  constant  (see  also  Chapter  3).  "  the  callbratlon  factor  cannot  be 


34 


GAS  CHROMATOGRAPHY 


composition  of  the  sample  is  first  calculated  from  its  chromatogram  by  the 
total  peak  area  method  without  applying  calibration  factors.  Next,  a  syn¬ 
thetic  mixture  of  this  composition  is  prepared  and  analyzed  under  the 
same  conditions.  The  peak  areas  are  compared  with  those  obtained  for  the 
original  sample  and  the  figures  for  the  analysis  are  adjusted  accordingly. 
If  necessary ,  a  second  synthetic  mixture  is  made  and  the  final  composition 
if  determined  by  “bracketing”  (inter-  or  extrapolation). 

Modifications  or  combinations  of  the  above-mentioned  quantitative 
methods  are  often  used  in  practice. 

Examples  of  Analyses  by  G.L.C. 

The  examples  of  separations  given  in  the  remaining  part  of  this  chapter 
were  taken  from  literature  or  from  experimental  material  collected  by  the 
author  and  his  colleagues  in  Europe  and  the  United  States.  It  should  be 
noted  that  in  most  cases  the  results  do  not  correspond  to  the  attainable 
optimum;  the  experimental  conditions  adopted  were  usually  just  a  con¬ 
venient  set  that  gave  the  desired  separation.  Many  of  the  examples  were 
chosen  from  the  petroleum  and  petrochemical  industries.  Since  the  mix¬ 
tures  encountered  in  this  field  are  among  the  most  complex  and  difficult  to 
resolve,  this  choice  of  examples  probably  covers  a  wide  field  of  applications. 


Example  A — Separation  of  Ammonia  and  the  Methylamines 


This  example  is  of  classical  interest,  because  it  was  one  of  the  first  problems 
attacked  by  James  and  Martin15,  the  inventors  of  G.L.C.  The  analytical 
separation  of  ammonia  from  the  methylamines  is  of  great  importance  in 
biochemistry  and  formerly  constituted  a  difficult  task. 

James  and  Martin  employed  various  stationary  liquids  on  kieselguhr, 
and  made  use  of  automatic  titration  with  0.04A  H2S04  and  methyl  red  solu¬ 
tion  as  the  indicator.  Figure  2.7  shows  the  results  obtained  with  three  sta¬ 
tionary  liquids.  Two  of  these  are  mixtures  in  different  proportions  of  the 
polar  liquid  hendecanol  (5-ethylnonan-2-ol)  and  liquid  paraffin  (non-polar). 
These  separations  were  carried  out  in  a  4-ft  column  of  4  mm  I  D.;  other 
experimental  conditions  stated  in  the  paper  are  shown  in  the  Figure.  The 
third  stationary  liquid  was  the  highly  polar  substance  glycerol. 

Curve  B  was  derived  from  curve  A  and  shows  how  an  integral  trace  may 
be  converted  into  a  differential  one  by  plotting  the  tangents  of  the  slopes*. 


*  It  will  be  observed  that  the  somewhat  diffuse  steps  for  the  methylamines  in  the 
integral  curve,  observed  experimentally,  do  not  allow  of  a  very  close  quantitative 
estimation.  The  peaks  of  the  derived  differential  curve,  however,  appear  fairly 
definite.  This  fact  strengthens  the  view  that  direct  differential  detection  allows  of  a 
more  precise  quantitative  determination  than  integral  detection  in  cases  where  the 
separation  of  components  is  not  perfect. 
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The  three  figures  form  a  very  good  illustration  of  how  the  order  of  elution 
in  G.L.C.  may  be  modified  by  the  polarity  of  the  stationary  phase.  Eighty- 
five  per  cent  hendecanol-15  per  cent  liquid  paraffin,  a  mixture  of  relatively 
low  polarity,  gives  an  elution,  with  negligible  overlap,  in  the  order  of 
boiling  points,  viz.:  ammonia  (b.p.  —  33.4°C),  monomethylamine  (b.p. 
—  6.5°C),  trimethylamine  (b.p.  +3.5°C),  dimethylamine  (b.p.  +7.4°C). 
With  the  less  polar  50-50  mixture  of  the  two  liquids  as  stationary  phase 
the  tri-  and  dimethylamines  coincide,  while  with  glycerol  the  order  becomes 
trimethylamine —  (dimethylamine  +  ammonia)  — monomethylamine. 

James  and  Martin  in  their  paper  give  an  interpretation  of  these  changes 
in  order  of  elution,  which  repays  reading.  As  the  theory  of  solution  behavior 
- — dealt  with  more  fully  in  Chapter  6 — seldom  allows  of  a  fully  quantitative 
treatment,  Martin’s  interpretation  is  of  a  qualitative  nature. 

Eighty -five  per  cent  hendecanol-15  per  cent  liquid  paraffin  thus  gives  a 


/i  1  EOOfV.  BASE 


paraffin  (v/v) ;  column  length,  4°ft  ‘column  temp1  78  6^  ^ecanol-15%  Hquid 
min. ;  nitrogen  pressure.  65  mm  Hg.  P’’  8  nitro*en  flowrate,  5  ml/ 

gas  mi'/mim  hendecanol-hcluld  paraffin  50-50  v/v;  temp.  78.6°C;  carrier 

B.  Column  liquid:  glycerol;  temp.  loo*C;  4.0  ml  N,/min.  (After  James  c(  al.) 
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^ABLE  2.1.  Separation  of  Nitrogen  Bases  according  to  James  and  Martin 


For  Samples  Containing  the  Following  Components 

Suitable  Stationary  Phase 

NHi 

CHj  NH2 

(CHi)jNH 

(CH,)jN 

X 

X 

X 

50%  Hendecanol-50%  liq.  par. 

X 

X 

X 

X 

85%  “  -15%  “  “ 

X 

X 

X 

Hendecanol 

X 

X 

X 

Glycerol 

reasonable,  if  somewhat  critical  separation  of  the  four  nitrogen  bases.  The 
results  of  the  authors  demonstrate  that  a  better  spacing  of  the  steps  may 
be  obtained,  in  cases  where  only  three  of  the  components  are  present,  by 
the  stationary  liquids  indicated  in  Table  2.1. 

More  cases  in  which  the  order  of  elution  is  influenced  by  the  nature  of  the 
stationary  phase  will  be  mentioned  in  this  book.  (See  also  Adlard4a  and 
Keulemans16.) 


Example  B — Determination  of  High-boiling  Material  in  a  Volatile 

Product 

This  example  firstly  deals  with  the  analysis  of  a  hydrocarbon  mixture 
consisting  mainly  of  C6  to  C8  a-olefins,  intended  as  base  material  for  syn¬ 
theses  in  the  petrochemical  industry.  The  mixture  was  made  by  a  cracking 
process,  a  refining  treatment  and  a  final  fractional  distillation.  The  C6  to 
C8  olefins  boil  between  55  and  120°C;  an  important  clause  in  the  specifica¬ 
tion  was  that  the  finished  product  should  contain  less  than  0.5  per  cent  of 
material  boiling  above  140°C,  constituted  by  heavy  fractions  passing  over 
in  the  final  distillation,  and  primarily  consisting  of  C9-olefins. 

Previously  the  determination  of  “heavy  ends”  had  been  carried  out  by 
distillation.  The  bulk  of  the  low-boiling  hydrocarbons  was  removed  by  a 
reversed  distillation  and  the  high-boiling  contaminants  by  sharp  rectifica¬ 
tion  of  the  residue  to  140°C.  This  operation  was  laborious  and  lengthy;  it 

was  therefore  decided  to  replace  it  by  G.L.C.  analysis. 

Figure  2.8  is  an  elution  diagram  obtained  on  a  particular  sample  of  the 
material.  It  shows  three  main  peaks  and  two  smaller  ones  for  contaminants. 
The  three  large  peaks  could  be  assumed  to  correspond  to  hexene-1,  heptene-1 
and  octene-1 ;  the  correctness  of  this  assumption  was  confirmed  in  several 
ways.  A  plot  of  log  (R.V.)  against  the  number  of  carbon  atoms  gave  a 
straight  line  and  at  the  same  time  indicated  that  peaks  A  and  A  corre¬ 
sponded  to  pentene-1  and  nonene-1.  Further  confirmation  was  obtained 
by  running  a  number  of  synthetic  blends  at  various  temperatures;  plots  of 
the  logarithm  of  retention  volumes  against  carbon  numbers  and  value 
of  1/T  for  these  runs  are  shown  in  Figures  2.3  and  2.9,  respectively. 
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The  main  interest  was  centered  in  the  nonene  fraction.  By  running  a 
sample  to  which  1  per  cent  of  nonene-1  had  been  added,  it  was  found  that 
the  new  nonene  peak  became  1.7  times  as  high  as  before  (as  shown  by  the 
full  line  in  Figure  2.8) ;  the  heights  of  the  other  peaks  remained  the  same. 
By  simple  proportionality,  the  original  sample  must  have  contained  1.4 
per  cent  of  nonene-1. 


RECORDER 

DEFLECTION 
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This  result  was  in  disagreement  with  that  of  distillation  analysis,  which 
repeatedly  gave  a  figure  of  0.6  per  cent  for  the  heavy  ends.  By  submitting 
the  two  fractions  removed  in  this  distillation  to  G.L.C.  it  could  be  shown 
that  more  than  half  of  the  nonene  was  entrained  by  the  distillate,  so  that 
the  earlier  form  of  analysis  was  quite  unreliable.  The  total  of  nonene  in  the 
three  distillation  fractions  corresponded  accurately  to  the  value  of  1.4  per 
cent  found  for  the  whole. 

Analysis  by  G.L.C.  has  now  been  adopted  for  routine  purposes  in  this 
application.  A  sample  of  standard  size  (100  /d)  is  employed.  The  elution 
curve  is  compared  to  curves  obtained  under  the  same  conditions  with 
standard  mixtures  containing  0  to  5  per  cent  of  nonene;  the  latter  show  a 
perfectly  straight  line  for  peak  heights  against  concentration.  A  G.L.C.  run 
takes  20  minutes,  as  against  10  hours  for  the  distillation  analysis. 

Analysis  by  G.L.C.  has  proved  to  be  applicable  to  several  similar  “heavy 
end”  problems  encountered  in  the  petrochemical  industry.  Two  such  cases 
are:  (1)  The  determination  of  trichloroethane and  tetrachloroethanes  present 
as  contaminants  in  dichloroethane.  (2)  The  determination  of  Cg  aromat¬ 
ics  in  xylenes. 

These  two  analyses  could  be  carried  out  by  a  method  essentially  the  same 
as  that  used  in  the  first  case.  In  all  three  instances  the  contaminants  to  be 


Figure  2.9.  log  (retention  volume)  of  o-olefins  against  reciprocal  absolute  tempera- 
tures. 
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Figure  2.10.  Secondary  butyl  alcohol  (SBA)  in  crude  isopropyl  alcohol  (IPA). 


registered  formed  well-defined  separate  peaks  by  virtue  of  their  boiling 
points. 

It  is,  however,  not  absolutely  necessary  for  the  peak  of  the  contaminant 
to  be  entirely  separate  from  that  of  a  main  component.  It  is  frequently 
possible  to  obtain  an  approximate  estimate  if  the  small  peak  is  partly 
masked  by  a  large  one.  An  example  of  such  a  case  occurred  in  the  determina¬ 
tion  of  traces  (approximately  0.2  per  cent)  of  secondary  butyl  alcohol  in 
isopropyl  alcohol.  Figure  2.10  shows  part  of  the  elution  curve  of  such  a 
mixture,  as  obtained  with  a  6-ft  column  containing  di-2-ethylhexyl 
phthalate  on  “Celite”  at  82°C*.  The  peak  for  sec-butyl  alcohol  (which 
could  be  identified  by  the  addition  of  pure  substance)  appeared  on  the 
flank  of  the  main  peak.  It  is  evident  that  peak  height  is  not  a  suitable 
parameter  here  for  estimation.  Quantitative  determination  proved, 
however,  to  be  possible  by  measuring  the  area  above  the  interpolated 
flank  of  the  isopropyl  alcohol  curve,  shown  dotted  in  the  Figure  and 
comparing  this  area  to  that  found  under  the  same  conditions  for’  syn¬ 
thetic  mixtures  containing  varying  amounts  of  sec-butyl  alcohol. 


E  C7D*termination  of  ,he  Ratio  of  Branched  to  Normal 

Paraffins  in  Saturated  Hydrocarbon  Fractions 

In  the  petroleum  industry  various  catalytic  “reforming”  processes  are 
used  to  improve  the  octane  rating  of  low-quality  gasolines  by  converting 
straight-chain  paraffins  and  saturated  cyclic  hydrocarbons  into  olefins 

uigAZrfpola'rsUt^rarlhr  'T-"*  ^  “*ually  h«e  »een  reaped  by 
show  that  optimum  conditions  need  nlM  ^  u  polyg,yco1'  The  example  serves  to 
data  from  G  L.C  C°nd“'0ns  need  not  alwaya  <»  established  for  obtaining  useful 
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branched  paraffins  and  aromatics.  During  the  study  of  one  such  process 
it  was  desired  to  compare  the  proportion  of  “iso”-paraffins  in  the  initial 
and  final  products.  The  possibility  of  doing  this  by  G.L.C.  was  investi¬ 
gated  by  analyzing  a  synthetic  mixture  of  C6  to  C9  normal  and  monomethyl- 
branched  paraffins.  (Aromatics  and  olefins  could  readily  be  removed  from 
the  reformed  fraction  by  displacement  liquid-adsorption  chromatography 
over  silica  gel.)  The  separation  by  G.L.C.  was  purposely  designed  in  this 
case  not  to  isolate  individual  compounds,  but  to  show  up  the  isoparaffins 
as  composite  peaks  distinct  from  the  higher-boiling  normal  paraffins  with 
the  same  number  of  carbon  atoms. 

Figure  2.11  gives  the  chromatogram  obtained  with  a  1.8-meter  column 
(6  mm  I.D.)  containing  dinonyl  phthalate  on  30/50  mesh  Sterchamol  fire¬ 
brick,  ratio  30: 100  (wt).  The  column  was  air-thermostatted,  so  as  to  permit 
of  readjusting  the  temperature  rapidly  from  50  to  80°C  between  the  peaks 
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Figure  2.11.  Determination  of  iso  to  normal  ratio  in  aliphatic  hydrocarbon  mix¬ 
tures.  Column  liquid:  dinonyl  phthalate. 
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for  the  C7  and  C8  hydrocarbons  and  from  80  to  120°C  between  the  peaks 
for  the  C8  and  C9  components.  Thermal  conductivity  was  employed  for 
sensing  and  hydrogen  as  carrier  gas.  (Nitrogen  here  proved  less  suitable 
on  account  of  its  low  difference  in  thermal  conductivity  with  respect  to  the 
hydrocarbons.) 

It  was  found  that  the  proportion  of  iso-  to  normal  paraffins  could  be  es¬ 
timated  with  sufficient  accuracy  for  the  purpose  in  view  by  comparing  the 
respective  peak  heights  in  the  elution  diagrams. 


Example  D — Analysis  of  Oxidation  Products  of  Hydrocarbons 


The  analysis  was  required  of  a  product  obtained  in  the  petrochemical 
industry  by  the  oxidation  of  propene.  It  was  known  to  contain  oxygenated 
compounds  ranging  in  boiling  point  from  acetaldehyde  (b.p.  20.2°C)  to 
allyl  alcohol  (b.p.  97.1°C).  In  order  that  these  strongly  polar  substances 
'  should  be  eluted  approximately  in  the  order  of  boiling  points,  a  highly 
polar  stationary  liquid  was  selected,  namely,  triethylene  glycol;  the  support 
was  “Celite.” 

Figure  2.12  shows  the  curve  obtained  on  two  samples  with  a  column  tem¬ 
perature  of  99°C,  whereby  elution  up  to  allyl  alcohol  was  completed  within 
30  minutes.  The  peaks  for  the  major  components  (acetaldehyde,  acrolein, 
isopropyl  alcohol  and  allyl  alcohol)  are  wholly  or  partly  resolved,  but  there 
are  evidently  a  number  of  minor  constituents  present. 

As  the  relatively  high  temperature  maintained  in  this  run  impaired  the 
resolution  of  the  low-boiling  components,  and  the  identification  of  the 
main  trace  constituents  in  this  range  was  desired,  the  front  end  of  the 
separation  was  repeated  at  a  temperature  of  43°C  with  the  same  stationary 
phase.  In  this  experiment  a  larger  sample  was  taken  in  order  to  obtain  a 
higher  absolute  response  for  the  isolated  lower  peaks.  The  resulting  elution 
curve  is  reproduced  in  Figure  2.13.  The  small  peaks  occurring  before  acetal¬ 
dehyde  proved  to  belong  to  a  number  of  C4  to  C7  unsaturated  hydrocar¬ 
bons,  which  had  been  displaced  to  the  front  end  of  the  elution  curve  by 
reason  of  their  large  difference  in  polarity  with  respect  to  the  stationary 


A  direct  identification  of  these  peaks— by  efflux  times  or  the  addition  of 

pure  components  would  have  been  difficult  or  impossible.  By  condensing 

ractions  before  and  between  the  major  peaks  in  a  liquid  nitrogen  trap  and 

submitting  these  fractions  to  mass-spectrometric  analysis,  it  was  possible 

o  identify  about  fifteen  trace  constituents.  More  might  undoubtedly  have 

en  recognized,  if  necessary,  by  collecting  narrower  bands  for  analysis  or 

J  “i?1"8  va/lous  senary  phases  of  different  polarity  for  separating  fand 
possibly  refractionating)  the  components  P  8  d 
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Figure  2.12.  Separation  of  hydrocarbon  oxidation  products  obtained  under  two 
sets  of  reaction  conditions.  Column  liquid:  triethylene  glycol;  column  temp.:  99°C; 
nitrogen  flow:  ca.  35  ml/min. 
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Example  E— The  Combination  of  a  Chemical  Reactor  with  Analyti¬ 
cal  Apparatus 

Kokes,  Tobin  and  Emmett17  have  described  an  ingenious  combination  of 
a  reactor  with  analytical  equipment,  which  they  employed  for  studying 
catalytic  processes.  The  reactor  was  connected  to  the  top  of  a  chromato¬ 
graphic  column;  a  small  amount  of  a  reaction  mixture  was  injected  into  a 
current  of  carrier  gas,  which  transported  it  through  the  reaction  vessel 
and  into  the  column.  (For  the  study  of  hydrocarbon  cracking  reactions  the 
latter  contained  dioctyl  phthalate  on  “Celite.”)  By  placing  a  flow-type 
Geiger  counter  in  series  with  the  chromatographic  column  and  thermal 
conductivity  detector  the  apparatus  was  also  made  suitable  for  experi¬ 
ments  with  radioactive  tracers. 

Figure  2.14  gives  an  example  of  the  results.  It  shows  the  trace  obtained 
from  the  G.L.C.  detector  (dotted  line)  together  with  the  radioactive  record 
(full  line)  on  passing  a  50/50  mixture  of  radioactive  ethene  and  inactive 
propene  in  a  current  of  hydrogen  over  a  cracking  catalyst  at  400°C.  The 
record  clearly  indicates  that  some  of  the  radioactive  ethene  had  entered  into 
the  formation  of  C4 ,  C6  and  Cg  polymerization  products. 

As  the  authors  point  out,  numerous  applications  of  such  a  microtech¬ 
nique  are  possible.  The  catalyst  chamber  may  be  replaced  by  an  empty 
tube  for  thermal  reactions  or  reactions  in  the  presence  of  radiation.  The 
apparatus  could  be  adapted  to  high-pressure  experiments.  It  may  therefore 
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prove  very  valuable  for  fundamental  work  on  reaction  mechanisms  of 
various  types. 


Example  F — Analysis  of  Lacquer  Solvents 


Whitham18  chose  the  field  of  solvent  analysis  for  illustrating  how  G.L.C. 
saves  time  in  the  technical  laboratory  and  allows  previously  insoluble 
problems  to  be  dealt  with.  The  determinations  of  the  main  components  of  a 
lacquer  solvent  might  require  anything  up  to  four  months  with  the  con¬ 
ventional  techniques  of  distillation,  organic  group  analysis  and  spectros¬ 
copy,  and  the  reliability  would  be  lower  than  with  G.L.C.  Minor  constit¬ 
uents  might  perhaps  not  be  determinable  by  the  conventional  techniques. 

A  lacquer  solvent  could  consist  of  a  blend  of  hydrocarbons,  alcohols, 
ketones  and  other  oxygenated  compounds.  In  the  case  of  a  completely  un¬ 
known  sample  the  procedure  described  by  Whitham  is  commenced  by  carry¬ 
ing  out  a  few  routine  tests,  such  as  those  for  distillation  range,  acid,  saponi¬ 
fication  and  carbonyl  values,  active  hydrogen  and  any  other  properties 
deemed  necessary.  Next,  a  type  separation  by  liquid-solid  chromatography, 
using  the  fluorescent  indicator  adsorption  analysis  technique  (F.I.A.)  de¬ 
veloped  by  Ellis  and  Le  Tourneau9,  is  performed.  This  procedure  consists 
in  displacing  a  0.5-1  ml  sample  down  a  narrow  column  packed  with  silica 
gel,  employing  for  instance  n-butylamine  as  displacer,  whereby  the  ma¬ 
terial  separates  into  paraffins,  (olefins),  aromatics  and  oxygenated  com¬ 
ponents  (plus  compounds  of  similar  adsorptive  affinity).  By  adding  a  trace 
of  a  dye  mixture  to  the  sample  the  various  zones  become  visible  when  ir¬ 
radiated  with  ultraviolet  light.  Quantitative  estimation  to  approximately 
1  per  cent  of  the  original  sample  is  possible  by  measuring  the  lengths  of  the 


various  zones.  , 

For  cases  in  which  the  amount  of  sample  was  limited,  Whitham  modified 

the  analytical  F.I.A.  column  in  such  a  way  that  the  various  zones  could  be 
collected,  the  small  overlaps  being  rejected.  Better  results  were  obtained 
with  larger  samples  in  proportionally  enlarged  F.I.A.  columns 

The  fractions  obtained  by  L.S.C.  were  now  further  analyzed  by  G.L.C. 
Two  G.L.C.  units  were  used,  one  on  the  normal  analytical  scale  (6  nun 
I  D  )  taking  samples  of  5  to  40  /xl,  and  a  second  of  12-15  mm  I.DMor  deal- 
ing  with  samples  of  0.1  to  2  ml.  The  latter  unit  was  provided  wdhamam- 
fold  trap  system  for  isolating  constituents  to  be  identifie  •  Qua  . 
estimation  was  performed  by  one  of  the  techniques  already  described,  l.e., 
component  addition  (which  also  provides  identification),  marker  additio 
or  normalization  of  peak  areas,  or  by  a  combination  of  these  metho  . 
ZTres  2  15  a  b  and  c/d  show  the  G.L.C.  traces  for  the  paraffinic,  aro- 

maticTarid  oxygen-containing  fractions  of  the 

tively.  The  paraffin  fraction  was  run  over  d.nonyl  phthalate  as  > 
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Figure  2.15.  Analysis  of 
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a  complex  solvent  mixture.  (After  B.  T.  Whitham.) 
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Table  2.2.  Composition  of  a  Complex  Solvent  Mixture  Determined 
with  the  Aid  of  G.L.C.,  According  to  Whitham18 


Per  cent 

Component  fry  volume 

Petroleum  spirit,  aromatic-free .  16 

Benzene .  13 

Toluene .  2 

Acetone .  10 

Methylethyl  ketone .  5 

Isopropyl  alcohol .  14 

Technical  amyl  alcohol.  .  . .  17 

Mesityl  oxide .  1 

Diacetone  alcohol .  18 

n-Butyl  alcohol .  1 

Minor  components  (water,  esters,  etc.) .  3 


phase.  The  trace  corresponds  to  that  of  the  saturated  portion  of  a  petroleum 
distillate  boiling  between  65  and  95°C.  The  curve  for  aromatics  revealed 
the  presence  of  benzene,  toluene  and  a  trace  of  xylene.  Most  of  the  oxy¬ 
genated  compounds  were  identified  by  running  over  liquid  paraffin  (non¬ 
polar)  and  polyethylene  glycol  (polar)  stationary  phases  (c  and  d).  The  C6 
alcohols  were  identified  by  condensing  the  relevant  fractions  from  the 
G.L.C.  column  and  analyzing  them  in  a  mass  spectrometer.  The  over-all 
composition  of  this  sample  is  given  in  Table  2.2. 


Example  G/Analysis  of  a  Solvent  Mixture  Containing  Water 

The  difficulties  involved  in  analyzing  samples  containing  water  have  been 

referred  to  on  p.  21.  .  . 

Figure  2.16  illustrates  the  analysis  of  a  solvent  mixture  containing  48  per 

cent  of  methylethyl  ketone,  31  per  cent  of  ethyl  alcohol  and  21  per  cent  of 
water;  these  data  also  were  published  by  Whitham»  The  figure  gives  the 
traces  of  two  runs:  one  over  polyethylene  glycol  as  stationary  phase  (a),  the 
other  over  liquid  paraffin  (b).  For  the  second  analysis  the  sample  was  dehy¬ 
drated  by  diluting  it  with  carbon  tetrachloride  and  treating  it  with  potas¬ 
sium  carbonate.  The  negative  peak  of  water  in  Figure  2.16  (a)  is  due  to  the 
fact  that  a  mixture  of  this  compound  and  nitrogen  has  a  higher  heat  con¬ 
ductivity  than  pure  nitrogen. 

Example  H— Analyses  of  (Hydrocarbon)  Gases 

In  considering  the  analysis  of  gases  by  chromatography  we  can  distinguish 

‘TaSuroflases  uncondensable  in  liquid  air  or  ..quid  mtrogen 
such  as  H2 ,  N2  , 02  and  CO.  (Mixtures  containing  huge :  amounts  of  mirths  ^ 
also  fall  into  this  category.)  As  has  already  been  stated,  G  -  . 
able  for  dealing  with  such  cases,  owing  to  the  low  solubility  of  the 
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ponents.  Excellent  results  may,  however,  be  obtained  on  such  mixtures  by 
adsorption  chromatography,  as  will  be  shown  in  Chapter  8. 

(b)  Mixtures  containing  small  amounts  of  methane,  acetylene,  ethene, 

ethane  and  other  hydrocarbons  up  to  C5. 

For  the  latter  category  G.L.C  is  eminently  suitable.  In  this  field  it  has, 
however,  to  compete  with  other  established  types  of  gas-analysis.  Low- 
temperature  fractional  distillation  (Podbielniak,  etc.)  is  accurate,  but  time- 
consuming.  Mass  spectrometry  is  extremely  rapid,  but  it  is  only  moderately 
accurate  and  requires  costly  equipment.  G.L.C.,  which  is  both  rapid  and 
low  in  outlay,  can  hence  replace  these  methods  if  carried  out  in  a  form  known 
to  give  precise  data. 

The  hydrocarbon  gas  mixtures  that  can  be  analyzed  by  G.L.C.  may  again 
be  divided  into  two  categories:  (a)  mixtures  of  narrow  range,  consisting 
mainly  of  compounds  with  the  same  number  (or  two  successive  numbers) 
of  carbon  atoms;  (b)  wide-range  mixtures. 

Narrow-range  mixtures  of  gaseous  hydrocarbons  may  be  analyzed  by 
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Figure  2.16.  Analysis  of  solvent  mixture  containing  water. 

1/h).  °nar>  hqUld'  P°Iyethylene  glycol;  temp.  94°C;  carrier  gas:  nitrogen  (1.1 


b.  After  drying  in  CC14  dilution;  stationary  liquid-  lioui 
carrier  gas:  nitrogen  (0.9  1/h).  (After  Whitham.)  '  Q 


paraffin;  temp.  60°C; 
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Figure  2.17.  Analysis  of  synthetic  mixture. 

Column  liquid:  diisodecyl  phthalate;  column  length:  6  feet;  column  temp.:  35°C; 
helium  flowrate  (exit) :  45  ml/min;  exit  pressure :  1  atm.  (After  Fredericks  and  Brooks.) 


Figure  2.18.  Analysis  of  synthetic  mixture. 

Column  liquid:  diisodecyl  phthalate-dimethylsulf olane ;  column  length:  6  fee t- 
16  feet;  column  temp.:  35°C;  helium  flowrate  (exit):  45  ml/min;  exit  pressure. 

(After  Fredericks  and  Brooks.) 


G.L.C.  at  a  single  definite  column  temperature  with  a  differential  detector. 
Fredericks  and  Brooks'9  describe  a  series  of  experiments  on  a  num  e'  o  >}  - 
drocarbon  mixtures  of  known  composition  marketed  by  the jPhfihP 'Pet 
leum  Company*.  Figure  2.17  shows  the  results  of  a  run  on  Phillips  mixture 

*  Phillips  Petroleum  Company,  Special  Products  Division,  Bartlesville,  Oklahoma. 
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Figure  2.19.  Analysis  of  19-component  mixture. 

Column  liquid:  dimethylsulfolane;  column  length:  50  feet;  column  temp.:  0°C; 
helium  flowrate  (exit):  110  ml/min;  exit  pressure:  1  atm.  (After  Fredericks  and 
Brooks.) 


No.  35,  using  a  6-ft,  %  in.  I.D.  column  containing  diisodecyl  phthalate  on 
“Celite”  545  (40:100  wt),  temperature  35°C,  helium  as  carrier  gas.  The 
components  are  separated  according  to  boiling  point,  so  that  paraffins  and 
olefins  of  approximately  the  same  boiling  points  coincide. 

A  more  polar  stationary  liquid,  dimethylsulfolane,  retarded  the  olefins 
selectively,  even  to  such  an  extent  that  they  overlapped  the  paraffins  of 
next  higher  carbon  number.  Excellent  results  were  obtained  by  employing 
in  series  a  6-ft  column  containing  diisodecyl  phthalate  and  a  16-ft  column  of 
dimethylsulfolane  (see  Figure  2.18).  The  first  column  then  gave  a  separa¬ 
tion  according  to  Figure  2.17,  the  second  retarded  the  olefins  sufficiently 
to  separate  them  from  closely  adjacent  paraffins. 

In  analyses  of  wide-range  hydrocarbon  gas  mixtures  one  is  confronted 
by  the  difficulty  that  components  of  widely  different  volatilities  are  in¬ 
volved.  If  differential  detection  is  employed  and  the  mixture  is  complex, 
it  may  not  be  convenient  to  increase  the  temperature  abruptly  between  twc 

rr"  *he  a*a^sls  is  now  carried  out  at  a  high  temperature,  so  as  to 
elute  the  high-boiling  components  in  a  reasonable  time,  the  resolution  in 

e  over  range  becomes  unsatisfactory;  a  low  temperature  gives  a  better 

shoTlT  Ut‘°n’  bUt  \Very  '0ng  Ume  °f  ana'^is-  figures  2.19  and  2  20 
show  the  elutton  curves  of  two  multi-component  gas  mixtures,  also  given  in 

15“C  w  'th  the  Fredtericks  and  Brooks-  The  fo™er  was  recorded  at 
column^  uled  fo^h  ^  Phth^te-dimethylsulfolane 

a  10  ft  eel  ...  ,. e  0 receding  analysis.  For  the  analysis  of  Figure  2  20 
a  50-ft  column  w.th  d.methylsulfolane  at  0°C  was  employed  in  order  tofb 
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tain  a  better  resolution  of  certain  peaks,  such,  as  1 -butene  and  isobutene. 
As  a  column  of  this  length,  if  packed  with  “Celite”,  produces  a  very  large 
pressure  drop,  this  support  was  replaced  by  a  35/80  mesh  fraction  of 
Johns-Manville  C-22  fire-brick.  The  total  time  of  elution  necessary  for 
this  analysis  was  3  hours. 

For  quantitative  determination  Fredericks  and  Brooks  applied  the 
method  of  proportional  peak  areas  (determined  by  planimeter),  without 
applying  calibration  factors.  In  the  case  of  partially  overlapping  peaks, 
areas  were  partitioned  by  drawing  a  vertical  line  from  the  lowest  point  to 
the  base-line.  The  quantitative  data  so  found  for  the  19-component  mixture 
of  Figure  2.20  are  compared  with  the  known  composition  in  Table  2.3. 

The  agreement  is  surprisingly  good  considering  the  difference  in  thermal 
conductivity  of  the  various  hydrocarbons,  and  supports  the  view  that  the 
correction  of  areas  for  response  is  not  strictly  necessary  when  using  hydrogen 
or  helium  as  carrier  gas.  It  should,  however,  be  observed  that  for  samples 
containing  constituents  in  largely  different  concentration,  calibration  may 
become  essential. 

The  difficulties  in  analyzing  long-range  mixtures,  due  to  the  use  of  dif¬ 
ferential  detection  with  a  single  column  temperature,  may  be  circumvented 
by  adopting  some  “absolute”  (usually  integral)  type  of  detection.  The  col¬ 
umn  temperature  may  then  be  increased  progressively  from  start  to  finish 
at  any  convenient  rate.  Such  a  procedure  was  employed  by  \  an  de  Ciaats  , 
who,  like  Janak,  used  C02  as  carrier  gas  and  absorbed  the  latter  in  caustic 
potash  after  the  column,  but  determined  the  constituents  by  registering 
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Table  2.3.  Quantitative  Data  (Wt  %)  for  a  19-Component  Hydrocarbon  Gas 
Mixture  Analyzed  by  G.L.C.  on  a  Dimethylsulfolane  Column 


Known 

Composition 

G.L.C.  Data 

Ethane 

1.3 

1.5 

Ethene 

2.0 

2.7 

Propane 

7.4 

8.3 

Propene 

7.4 

8.1 

Isobutane 

11.5 

11.8 

n-Butane 

5.0 

5.3 

1 -Butene 

5.3 

5.5 

Isobutene 

8.3 

8.4 

<rans-2-Butene 

[6.3 

Me  7 

as-2-Butene  J 

3.6J 

1 . 3-Butadiene 

3.4 

3.4 

Isopentane 

6.5 

6.0 

n- Pentane 

5.7 

5.1 

1-Pentene 

5.8 

5.4 

3-Methyl-l  -butene 

6.7 

6.2 

2-Methyl-l -butene 

5.7 

5.2 

<rans-2-Pentene  ) 

>5.9 

1  -91  c  9 

cis  -2-Pentene  J 

3 . 3/ 5  ’ 2 

2-Methyl -2-butene 

5.7 

5.2 

the  pressure  increments  in  a  vessel  of  known  volume  with  an  automatic 
pressure  recorder*.  Figure  2.21  shows  the  elution  curve  so  found  for  a  M 
range  gas  from  a  cracking  process.  The  column  was  6  m  longed  ^Led 
See  Figure  3.13  for  the  apparatus.  .•*  *  • 

.(  library  X 
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liquid  paraffin  on  fire-brick;  the  temperature  was  gradually  increased  from 
20  to  60°C  during  the  analysis.  An  integral  type  of  detection  does  not  allow 
minor  constituents  to  be  estimated  accurately. 

Example  I — Use  of  G.L.C.  in  the  Structural  Investigation  of  Iligh- 
boiling  Petroleum  Fractions 

G.L.C.  may  constitute  a  valuable  aid  in  investigating  the  structure  of 
components  in  complicated  organic  mixtures.  Whitham20  used  it  in  analyz¬ 
ing  a  petroleum  fraction  of  170  to  2G0°C  boiling  range.  The  material  was 
first  separated  into  an  “aromatic”  and  a  “paraffinic”  fraction  by  displace- 


TEMPERATURE  210°  C 
FLOW  OF  NITROGEN 
60  l/Af  MEASUREO  AT  COLUMN  INLET ) 


FURTHER  HIGHER 
BOILING  CONSTITUENTS 

CUT  COLLECTED  ™  L0"  CONCENTRATION 


_J _ I - 1 - i- 

tOO  HO  120  130 


_j _ I _ • 

150  160  170 

TIME,  mlA 


Figure  2.22a.  Aromatics  from  petroleum  fraction  boiling  range  170-260°C.  1  ml 
Large-scale  analytical  G.L.C.  unit.  830-cm  column.  Silicone  M.S.  550  stationary 
phase  on  44-52  Sterchamol  brick.  (After  Whitham.) 


TEMPERATURE  EI0°C 
FLOW  OF  NITROGEN 
60  t/A  I  MEASURED  AT  COLUMN  INLET  I 
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Table  2.4.  Composition  of  Narrow  Cuts  from  a  Petroleum  Distillate 
(b.p.  170-260°C)  Obtained  by  G.S.C.  and  G.L.C.  and  Analyzed 

by  Mass  Spectrometer 


“Aromatic”  Cut 

%  Vol. 
Approx. 

“Paraffinic”  Cut  (no  quantitative  data) 

Major  constituents 

Major  constituents 

Alkylbenzenes,  Cn 

20 

Isoparaffins,  C13 

do.  ,  C12 

22 

do.  ,  C14 

Indanes  and  tetralins,  Ci0 

14 

Monocyclic  naphthenes,  C13 

do.  ,  Cn 

27 

do.  ,  C14 

do.  ,  C12 

9 

Dicyclic  naphthenes,  C12 

Minor  constituents 

do.  ,  C13 

Alkylbenzenes,  Ci0 

Minor  constituents 

Indanes  and  tetralins,  C9 

Monocyclic  naphthenes,  C12 

do.  ,  C13 

Naphthalene 

Dicyclic  naphthenes,  C14 

ment  L.S.C.  Samples  of  these  fractions  were  then  further  split  up  in  a  large 
G.L.C.  column  (830  cm  long,  12.7  mm  I.D.)  over  Silicone  MS  550  as  sta¬ 
tionary  liquid.  Figures  2.22a  and  2.22b  reproduce  the  chromatograms  of  the 
two  fractions.  At  certain  points,  indicated  in  the  diagrams,  samples  were 
taken  in  a  cold  trap.  These  samples  were  then  analyzed  in  a  mass  spec¬ 
trometer.  The  data  so  collected  enabled  the  investigator  to  draw  certain 
qualitative  and  semi-quantitative  conclusions  as  to  the  structure  of  the 
hydrocarbons.  These  conclusions  are  summarized  in  Table  2.4. 
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Chapter  3 

THE  APPARATUS  FOR  GAS-LIQUID  CHROMATOGRAPHY 

IN  PRACTICE 


Introduction 

\The  general  set-up  of  the  apparatus  required  for  gas  chromatography 
has  been  outlined  in  Chapter  1 ,  but  its  details  have,  with  a  few  exceptions, 
not  yet  been  considered. 

In  a  simple  case,  a  separation  by  G.L.C.  could  conceivably  be  carried 
out  with  very  simple  equipment.  The  column  might  be  maintained  at  room 
temperature,  the  carrier  gas  could  be  regulated  manually,  fractions  of  the 
effluent  vapors  might  be  analyzed  “by  hand”  with  the  aid  of  normal  labora¬ 
tory  methods.  It  will  be  evident,  however,  that  such  a  procedure  would 
impose  severe  limitations.  The  analysis  would  be  suitable  only  for  com¬ 
ponents  with  boiling  points  up  to,  say,  60°C.  The  composition  of  the  efflu¬ 
ent,  which  undergoes  rapid  changes,  would  be  registered  in  crude  steps. 
The  analysis  would  be  clumsy,  difficult  and  time-consuming.  Though  effi¬ 
cient  separations  have  actually  been  performed  with  quite  simple  appa¬ 
ratus1,  the  adoption  of  more  elaborate  automatic  facilities  is  in  general 
amply  justified. 

In  this  chapter  the  main  elements  of  the  apparatus  used  for  G.L.C.  will 
be  considered  individually.  This  procedure  will  enable  those  wishing  to 
construct  their  own  equipment  to  combine  components  giving  satisfactory 
performance  in  the  case  in  view.  It  will  be  found  that  the  choice  involves 
a  number  of  compromises,  since  the  separation  by  G.L.C.,  itself,  is  usually 

a  matter  of  effecting  compromises  between  optimum  values  for  the  various 
individual  factors  concerned. 


The  Main  Components  of  the  Apparatus 
The  apparatus  can  be  divided  into  four  sections: 

(1)  Equipment  for  providing  a  controlled  flow  of  carrier  gas- 

(2)  The  column  and  its  thermostat; 

(3)  The  system  employed  for  dispensing  and  introducing  the  sample- 
(  )  e  apparatus  used  for  detecting  the  components  in  the  effluent’ 
These  four  items  will  be  considered  separately. 

Apparatus  for  Supplying  and  Measuring  the  Carrier  Gas 
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components  in  the  column  to  about  the  same  extent.  The  identification  of 
components  by  their  retention  volumes  or  efflux  times  requires  a  better 
regulation  of  the  gas  current.  For  quantitative  analysis  it  is  necessary  for 
the  flow  to  be  substantially  constant,  in  order  that  all  components  recorded 
on  the  time  axis  may  be  sensed  on  the  same  volumetric  basis. 

In  general  it  is  not  essential  for  the  flow  to  be  accurately  reproducible  in 
successive  separations.  All  that  is  required — particularly  in  quantitative 
analyses  using  an  internal  standard — is  that  it  is  exactly  constant,  accu¬ 
rately  known  and  of  approximately  the  right  value  during  the  period  re¬ 
quired  for  stripping  all  components  from  the  column. 

Since  the  permeability  of  the  column  does  not  alter  during  operation  if 
it  has  been  properly  packed,  the  flow  of  gas  at  a  certain  temperature  can 
be  controlled  by  a  precise  regulation  of  the  inlet  and  outlet  pressures  with 
suitable  instruments.  If  either  of  these  pressures  is  atmospheric,  only  one 
pressure  regulator  is  necessary,  but  the  versatility  of  the  apparatus  is  then 
lower  than  if  two  are  provided. 

Accurate  pressure  regulators  are  commercially  available.  James  and 
Martin2,  and  James  and  Phillips3  describe  mercury-glass  regulators  that 
can  be  constructed  in  the  laboratory;  satisfactory  service  can  also  be  ob- 


Figure  3.1.  Soap-film  meter  suitable  for  reduced  gas  pressures. 
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tained  from  a  mercury  manometer  provided  with  an  external  metal  strip 
and  a  proximity  switch  feeding  magnetically  operated  valves. 

\The  rate  of  gas  flow  can  be  measured  by  means  of  a  rotameter,  an  orifice 
meter  or  a  soap-film  flow  meter.  Rotameters  are  good  indicators,  but  less 
suitable  for  measuring  gas  flow  with  the  accuracy  required  in  G.L.C.  Both 
the  rotameter  and  the  orifice  meter  depend  on  the  viscosity  of  the  gas  and 
therefore  may  require  thermostatting;  sometimes  it  is  possible  to  place 
them  inside  the  thermostat  regulating  the  temperature  of  the  column  and/or 
the  sensing  instrument.  v 

The  soap-film  meter  (Figure  3.1)  is  a  very  simple  device  in  which  the 
rate  of  travel  of  a  soap-film  in  a  vertical  calibrated  tube  is  timed  with  a 
stopwatch.  It  is  extremely  accurate  and  gives  virtually  no  back  pressure; 
errors  appreciably  below  1  per  cent  can  be  realized  over  a  wide  range.  Un¬ 
like  the  rotameter  and  orifice  meter  it  does  not  give  continuous  readings. 
The  writer  usually  employs  a  set-up  containing  both  a  rotameter  and  a 
soap-film  meter  (Figure  3,2) ;  readings  with  the  latter  are  only  carried  out 
at  the  beginning  and  end  of  a  run.  The  flow  rates  determined  with  the  soap- 
film  meter  should  be  converted  from  the  prevailing  temperature  to  that  in 
the  column  and  corrected  for  the  vapor  pressure  of  water.  (Saturation  in 
the  meter  is  always  practically  complete.) 

\The  gas— nitrogen,  carbon  dioxide,  hydrogen  or  helium — is  obtained 
from  high-pressure  cylinders  through  suitable  reducing  valves.  The  use  of 
dry  gas  is  essential,  since  water  is  a  component  that  is  far  from  inert.  Though 
the  gas  as  compressed  by  the  supplier  is  usually  free  from  moisture,  it  is 

ad\isable  to  pass  it  through  successive  towers  containing  a  drying  agent 
such  as  silica  gel.  \ 


The  Column  and  its  Temperature  Regulation 

The  Column.  The  importance  of  uniform  packing  of  the  column  with 
the  moistened  support  was  stressed  in  Chapter  2.  and  it  was  pointed  out 


thermal  conductivity  block 


nd 


TO  VACUUM  PUMP 


organic  compounds. 


Figure  3.2.  Flow  diagram  of  G.L.C. 


apparatus  for  the  analysis  of  volatile  liquid 
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that  uniformity  is  more  easily  achieved  with  a  relatively  coarse-grained 
material  such  as  a  30/ 50  or  50/80  mesh  refractory  brick  fraction  than  with 
a  fine  material  such  as  diatomaceous  earth  (“Celite”).  Packing  a  column 
with  the  latter  material,  especially  when  it  is  impregnated  with  stationary 
liquid,  requires  great  care,  but  does  not  present  insuperable  difficulties  in 
the  case  of  straight  columns  of  glass.  Long  columns  may  then  be  built  up 
from  units  of  suitable  length  by  connecting  them  by  return  bends.  Aggre¬ 
gate  columns  of  this  type  are  generally  placed  in  a  constant-temperature 
vapor  jacket  or  an  air  thermostat. 

y  Very  satisfactory  units  can  be  built  by  coiling  the  tubing.  Coiled  columns 
may  be  made  of  glass,  but  then  must  be  filled  by  a  special  technique,  which 
again  is  more  easily  carried  out  with  coarse-grained  than  with  fine-grained 
material.  The  use  of  tube  coils  of  metal  (particularly  of  a  soft  metal  such  as 
copper  or  aluminum)  presents  great  advantages  if  they  can  be  employed*. 
A  coarse-grained  support  here,  however,  is  essential;  it  has  been  found  very 
difficult  to  fill  a  metal  column,  even  when  straight,  reproducibly  with  im¬ 
pregnated  “Celite”.  With  any  support,  a  metal  column  should  be  filled  first 
and  coiled  afterward. 

The  great  advantage  of  a  coiled  column  is  its  compactness  and  the  con¬ 
sequent  small  size  of  the  thermostat.  Metal  coils  are  superior  to  glass  in 
heat  transfer  and  constancy  of  temperature.  Coiled  columns  tend  to  have 
a  slightly  lower  efficiency  per  unit  of  length  than  straight  ones,  but  with 
the  dimensions  used  for  analysis  (tubing  of  4  to  8  mm  I.D.,  coiled  to  say  6 
to  8  in.  diameter)  the  difference  is  negligible!. 

The  writer  will  describe  the  method  of  column  preparation  which  has 
now  become  more  or  less  standard  practice  in  the  laboratories  with  which 

he  is  associated. 

The  column,  which  according  to  circumstances  may  have  any  length 
from  a  few  feet  to,  say,  60,  is  made  of  \  in.  I.D.  copper  tubing  and  is  pro¬ 
vided  with  a  male  union  joint  at  each  end  for  connection  in  the  apparatus. 
The  tubing  is  first  softened  by  heating  it  to  500-600°C  in  a  flame  and  allow¬ 
ing  it  to  cool.  \  _  j .  ,  j 

The  support  employed  is  a  30/50  or  50/80  mesh  screen  fraction  of  ground 

C  22  Sterchamol  fire-brick|,  which  has  been  freed  from  adhering  dust  by 
elutriation  with  some  liquid  (e.g„  water,  pentane  or  acetone)  compatible 
with  the  subsequent  solution.  The  wet  support  is  then  made  into  a  slurry 


*  Cases  exist  in  which  the  use  of  metal  columns  is  excluded,  e.g.,  because  of  inter- 

action  or  catalytic  decomposition.  in  ,  th  s„me  coji 

t  The  effect  is  noticeable  with  columns  of,  say,  20  mm  I. 
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in  a  flask  with  the  calculated  amount  of  the  selected  stationary  liquid  dis¬ 
solved  in  a  suitable  volatile  solvent.  The  solvent  is  removed  on  a  steam 
bath  at  a  somewhat  reduced  pressure,  with  shaking,  agitation  being  gentle 
so  as  not  to  crush  the  soft  granules.  The  resultant  impregnated  support 
appears  quite  dry  and  can  be  readily  poured  if  the  amount  of  stationary 
liquid  does  not  exceed  35  to  40  per  cent  weight  on  dry  support. 

The  straight  softened  copper  tube  is  clamped  in  a  vertical  position;  the 
bottom  is  plugged  loosely  with  \  in.  of  glass  wool  and  the  packing  is  poured 
in  through  a  funnel.  The  packing  is  gently  tamped  from  time  to  time  with 
a  piece  of  rubber  vacuum  tubing.  The  column  is  filled  to  within  §  in.  of 
the  top  and  a  second  plug  of  glass  wool  is  inserted. 

As  a  check  on  proper  packing  the  bulk  density  may  be  calculated  from 
the  weight  of  the  packing  and  the  volume  of  the  tube,  but  a  better  specifi¬ 
cation  is  based  on  a  certain  value  of  the  permeability  K  (see  p.  131),  as 
deduced  from  the  flow  of  gas  at  known  inlet  and  outlet  pressures. 

The  packed  column  is  now  coiled  around  a  mandrel  of  suitable  diameter 
(6-8  in.).  If  the  tubing  has  been  properly  annealed  it  will  be  quite  soft,  but 
will  become  rigid  on  shaping.  The  distance  between  the  coils  is  not  critical. 
If  sensing  is  by  thermal  conductivity  and  the  cell  is  placed  in  the  same 
thermostat  as  the  column,  the  height  of  the  coil  will  be  made  about  equal 
to  that  of  the  katharometer,  which  is  mounted  in  its  center  (Figure  3.3). 

The  Column  Thermostat /The  column  temperature  is  an  important 
operating  variable.  As  in  the  case  of  pressure,  it  is  not  necessary  for  good 
separation  to  control  the  temperature  accurately;  close  temperature  regu¬ 
lation  is,  howe\  er,  essential  for  quantitative  analysis  with  differential  de¬ 
tection,  particularly  if  the  height  of  the  peak  is  used  as  the  parameter  for 
calibration. 

As  stated  previously,  the  detecting  device— which  usually  also  requires 
temperature  control— can  for  convenience  be  placed  in  the  same  thermo¬ 
stat  as  the  column.  (The  same  may  apply  to  a  rotameter  or  orifice  meter.) 
A  drawback  to  the  inclusion  of  a  thermal  conductivity  cell  is  that  its  re¬ 
sponse  then  alters  with  a  change  in  column  temperature.  Though  this  is  not 
always  a  serious  drawback,  separate  thermostatting  may  sometimes  be 
preferable.  However,  care  must  then  be  taken  that  there  can  be  no  con¬ 
densation  of  components  or  stationary  liquid  in  or  before  the  cell.  The  de- 
tectoi  can  in  practice  only  be  maintained  at  a  lower  temperature  if  the 
stationary  liquid  is  extremely  low  in  volatility.  The  dead  space  between 

,l“ld  "• 

«.» . . 
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Figure  3.3.  Assembly  of  column  and  thermal  conductivity  cells. 


compatible  with  lack  of  volatility  at  the  operating  temperature  should  be 
used./ The  customary  measures  as  regards  circulation  of  the  bath,  arrange¬ 
ment  and  shielding  of  temperature  sensing  elements  and  the  maximum  and 
minimum  values  of  the  heat  input  should  be  adopted  in  order  to  minimize 
irregularities  in  temperature. 

If  it  is  necessary  to  alter  the  temperature  during  the  course  of  a  separa¬ 
tion  on  account  of  the  wide  range  of  volatility  covered  by  the  sample,  an 
oil  thermostat  is  less  suitable.  In  this  case  one  of  the  following  devices  may 

be  used  i 

(a)  A  vapor  bath  containing  a  liquid  boiling  at  a  controlled  pressure  (be¬ 
low,  at,  or  above  atmospheric).  Satisfactory  liquids  of  good  thermal  sta¬ 
bility  are: 


acetone,  suitable  for  a  temperature  range  of  30  to  50°C 

benzene,  ^  „  „  ,«  g0  .<  n0°C 

t0lu®ne’  „  “  “  110  “  140°C 

p-xylene, 

(b)  An  air  thermostat  with  a  sufficient  gas  velocity. 
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It  has  been  found  that  this  method  can  be  developed  to  permit  rapid 
changes  in  temperature  (up  to  20°C  per  minute).  Such  a  property  is  valu¬ 
able  if  detection  is  of  the  differential  type,  since  the  temperature  must 
then  be  brought  as  speedily  as  possible  to  its  new  level  between  the  peaks 
of  two  components.  If  some  integral  method  of  detection  is  employed,  the 
temperature  gradient  may  be  a  gradual  one  during  the  analysis. 

An  air  thermostat  having  the  required  properties,  namely,  rapid  adjust¬ 
ability  to  a  new  temperature  level  and  temperature  constancy  over  the 
whole  length  of  the  column,  has  been  described  by  Ashbury,  Davies  and 
Drinkwater4.  The  requirements  were  met  by  applying  forced  air  circulation 
within  a  vacuum  jacket  (Figure  3.4). 

The  chromatographic  column  is  located  in  a  vertical  tube,  down  which 
air  is  drawn  at  about  50  ft/sec.  by  a  high-speed  radial  fan.  The  air  issuing 
from  the  fan  flows  past  a  non-inductively  wound  heater  coil  arranged  con¬ 
centrically  around  the  fan.  The  maximum  working  temperature  is  about 
350°C.  At  300°C  the  constancy  within  the  working  space  is  about  d=l°C. 


Methods  of  Introducing  the  Sample 


\  4  he  manner  in  which  the  sample  is  introduced  into  the  chromatographic 
column  is  of  the  utmost  importance  owing  to  its  influence  on  the  shape  of 
the  elution  peaks.  These  should  preferably  be  as  narrow  as  possible. 

The  sample,  however  small,  occupies  a  certain  volume  in  the  form  of 
gas  or  vapor.  If,  as  in  some  methods  for  introducing  liquids,  the  sample  is 
first  vaporized  to  a  definite  volume  in  the  carrier  gas,  this  initial  volume  of 
course  becomes  larger.  There  are  now  in  theory  two  limiting  ways  in  which 

the  above-mentioned  volume  of  vapor  may  reach  the  first  plate  of  the 
column :  ^ 


x 


(1)  the  vapor  arrives  as  a  “plug,”  without  (further)  dilution  by 
gas,  the  latter  follows  it  with  a  sharp  interface; 

(2)  owing  to  complete  mixing  of  the  vapor  with  the  carrier  gas  following 
it  into  the  initial  space  the  first  trace  of  vapor  arrives  without  dilution, 

ut  the  concentration  tails  off  exponentially  with  time  to  a  value  of  zero 
„  iheSe  llmltl"8  cases,  which  will  be  referred  to  as  “plug”  flow  and 
the  7  in  flow,  respectively,  are  shown  diagrammatically  in  Figure  3  5 

the  full  hnes  referring  to  a  sample  at  100  per  cent  concentration  in  the 

50  n  ha?  and  the  d°tted  lmeS  t0  a  samPle  diluted  with  carrier  gas  to 
50  per  cent  concentration.  Since  the  size  of  the  samples  was  eaualthe 

areas  below  the  curves  must  be  the  same  in  all  four  cases  Q  ’ 

position  for  each  method  of  introduction*81  '  eSt‘mate  ““  apProxima‘o 
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Figure  3.4.  Furnace  and  column  assembly 
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The  two  limiting  cases  of  “plug”  flow  and  “exponential”  flow  have  been 
dealt  with  mathematically  by  Porter,  Deal  and  Stross6,  who  have  derived 
equations  from  which  the  respective  shapes  of  the  elution  peaks  may  be 
calculated.  Figure  3.6  shows  the  resulting  type  of  curves  calculated  for 
“plug”  flow;  the  various  curves  refer  to  samples  of  increasing  size  intro¬ 
duced  at  the  same  concentration.  It  will  be  seen  that  the  downward  slope 
of  the  curves  is  substantially  parallel;  a  very  large  sample  gives  rise  to  a 
flat  top,  since  an  appreciable  part  of  the  column  is  occupied  before  the 
charging  step  is  complete.  Figure  3.7  shows  the  corresponding  curves  for 
“exponential”  mixing;  the  three  curves  refer  to  the  same  amount  of  a  com¬ 
ponent,  charged  during  different  periods,  viz.,  evaporated  in  preliminary 
chambers  of  different  volumes.  Here  the  average  width  of  the  peaks  is 
roughly  the  same,  but  the  bases  vary  and  become  considerably  extended 
by  larger  initial  dilution  (longer  charging  periods) . 

In  their  experiments  Porter  et  al.  employed  the  method  of  evaporation 
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VAPOUR  ARRIVING 
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tigure  3.5.  Limiting  cases  of  sample  introduction. 
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in  a  preliminary  chamber  and  they  demonstrated  that  the  elution  curves 
actually  obtained  approximated  closely  to  ideal  exponential  mixing  (Figure 
3.8).  They  were  thus  able  to  apply  corrections  to  the  observed  curves.  It  is 
evident  from  Figure  3.7  that  with  closely  adjacent  peaks  the  separation  is 
critically  affected  by  the  charging  period. 

CONCENTRATION 

IN 

EFFLUENT 


Figure  3.7.  Complete  Mixing. 

Calculated  elution  curves  for  variable  charging  periods;  constant  amount  of  solute. 
(After  Porter  et  al.) 
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Figure  3.9.  Column  efficiency  with  varying  sample  size  in  5  and  100%  concentration. 


A  fundamental  study  on  the  influence  of  the  concentration  in  the  carrier 
gas  at  which  the  sample  is  introduced  and  of  the  size  of  the  sample  was  also 
carried  out  by  van  Deemter,  Zuiderweg  and  Klinkenberg6.  Theory  show's 
that  foi  a  gi\  en  amount  of  solute  the  column  efficiency  increases  writh  rising 
concentration  and  drops  with  increasing  size  of  the  sample.  These  results 
were  confirmed  experimentally  by  van  de  Craats7,  who  determined  the 
height  of  one  effective  plate  as  a  function  of  the  sample  size  for  butane 
and  ethane,  the  samples  being  introduced  in  the  pure  form  and  as  5  per 
cent  dilutions  in  nitrogen.  Figure  3.9  demonstrates  the  increase  in 
H.E.T.P.*  with  dilution  and  size  of  sample;  the  two  effects  were,  however 
far  larger  in  the  case  of  ethane  than  of  butane. 

From  the  foregoing  it  follows  that  the  narrowest  bands  (and  therefore 
the  sharpest  separations)  are  obtained  by  introducing  a  small  sample  in  a 
^concentration  ?1U,8”'.  °n  the  °ther  hand’ the  approximately  con- 

verage  peak  width  obtained  by  exponential  mixing  appears  to  offer 
some  simplification  in  quantitative  analysis. 

scribed  betowdS  ^  SamP'e  introduction  <™Pl°yed  in  practice  will  be  de- 

*  Height  equivalent  to  a  theoretical  plate;  see  Chapter  4  AlowHFTP 
sponds  to  a  high  column  efficiency  per  unit  of  length.  '  *  corre' 
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f  Gaseous  Samples.  Samples  of  gases  are  always  introduced  by  trapping 
a  definite  volume  of  the  gas  in  a  tube  between  two  stopcocks  and  forcing  it 
into  the  column  by  the  carrier  gas.  This  form  of  volumetric  measurement  is 
very  accurate.  The  arrangement  employed  by  van  de  Craats8  is  shown  in 
Figure  3.10,  and  is  so  designed  that  the  current  of  carrier  gas  need  not  be 
interrupted  during  sampling. 

If  the  dead  gas  space  in  the  top  of  the  column  is  sufficiently  small  and  the 
sample  tube  is  narrow  in  bore  this  method  presumably  approaches  “plug” 
flow. 

Liquid  Samples.  Introduction  by  Syringe.  The  method  that  is  probably 
most  widely  used  at  present  consists  in  injecting  the  sample  of  liquid  with 
a  small  needle  syringe  through  a  self-sealing  serum  cap  closing  the  front 
end  of  the  column  (Figure  3.11).  If  care  is  taken  that  the  point  of  the 
needle  is  level  with  the  top  of  the  column  packing,  the  sample  immediately 
dissolves  in  the  stationary  liquid  and  the  method  probably  constitutes  the 
closest  possible  approach  to  “plug”  introduction.  For  this  reason  the  pro¬ 
cedure  is  extremely  suitable  for  obtaining  maximum  separation.  If  the 
liquid  is  injected  into  a  vapor  space  above  the  packing,  the  introduction 
will  be  somewhat  less  ideally  of  the  “plug”  type  and  separation  will  tend  to 
be  impaired.  / 

Commercial  rubber  caps  intended  for  the  sterile  withdrawal  of  serum 
from  ampoules  are  used  for  this  purpose.  They  may  be  used  repeatedly, 
say  up  to  30  times. 

A  disadvantage  of  this  very  rapid  and  easy  procedure  is  that  the  absolute 
size  of  the  sample  injected  is  subject  to  small  systematic  errors,  due  for 
instance  to  creeping  of  liquid,  expansion  in  the  needle,  etc.  Experience  in 
the  author’s  laboratory  has,  however,  shown  that  it  gives  surprisingly  re¬ 
producible  results  and  that  it  can,  with  proper  precautions,  furnish  very 


Figure  3.10.  Gas  sample  inlet  system. 
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Figure  3.11.  Sample  introduction  by  syringe. 


accurate  quantitative  data.  As  has  been  stated  in  Chapter  2,  it  is  usually 
not  necessary  to  know  the  absolute  size  of  the  sample  accurately 
Introduction  by  Crushing  a  Glass  Bulb.  In  this  technique  a  suitable 
amount  of  the  sample  is  mtroduced  into  a  weighed,  thin-walled  glass  bulb- 
the  latter  is  sealed  and  reweighed.  The  bulb  is  placed  in  a  specially  desianed 
c  amber  capable  of  being  heated  and  provided  with  an  arrangement  where 
by  the  bulb  may  be  crushed;  the  chamber  is  filled  with  the  carrier  gls  the' 
bulb  is  crushed  in  the  heated  chamber  and  the  vapor  mixture  [s  forc^’into 

™Tsh^tCC;!T2A  diagram  0f  a  for  this 

The  method  will  generally  approximate  to  the  introduction  of  the  sample 
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by  “exponential”  flow  in  a  relatively  dilute  form,  so  that  some  broadening 
of  the  peak  bases  is  to  be  expected;  for  a  vaporizing  chamber  not  exceeding, 
say,  10  ml  the  effect  is,  however,  quite  small. 

Ihe  procedure  is  obviously  more  laborious  than  the  syringe  technique. 

Techniques  for  Introducing  the  Sample  in  Special  Cases.  Occa¬ 
sionally  the  nature  of  the  sample  renders  it  necessary  to  adopt  a  technique 
different  from  the  normal  procedures. 

Boer9,  for  instance,  in  analyzing  fatty  acids,  introduced  the  sodium  salts 
into  a  separate  chamber  partly  filled  with  “Celite”,  where  the  acids  were 
liberated  with  phosphoric  acid  and  from  which  they  were  distilled  with  a 
current  of  carrier  gas  into  the  cold  column.  The  column  was  then  rapidly 
heated  by  means  of  a  vapor  jacket  and  the  separation  was  carried  out.  A 
similar  technique  would  be  suitable  in  various  cases  where  volatile  com¬ 
ponents  are  present  in  a  high  dilution  in  an  inert  gas.  Examples  are  the 
analysis  of  tobacco  smoke,  the  estimation  of  unburnt  organic  material  in 
exhaust  gases,  etc.  For  very  volatile  substances  the  first  part  of  the  column 
may  have  to  be  chilled  while  they  are  being  collected. 

The  opposite  case  may  also  occur.  If  it  is  necessary  to  separate  a  volatile 
component  from  a  mixture  of  which  the  bulk  is  relatively  nonvolatile,  and 
if  it  is  desired  for  convenience  in  routine  work  to  keep  the  column  uncon¬ 
taminated  by  the  latter  fractions,  the  following  procedure  offers  a  practical 
solution10.  A  small  separate  “guard”  section  of  impregnated  packing  is 
placed  in  the  top  of  the  column  in  such  a  manner  that  it  can  be  readily 
removed.  The  sample  is  brought  into  the  top  of  the  guard  section.  After 
the  volatile  component  has  passed  into  the  main  part  of  the  column,  the 
guard  section  is  taken  out  and  the  analysis  is  continued  in  the  normal 
manner.  This  method  has  been  used  for  estimating  small  amounts  of  iso¬ 
propyl  nitrate  in  diesel  fuels.  It  has  also  been  applied  to  the  analysis  of 
samples  containing  water,  the  guard  section  in  this  case  being  impregnated 
with  glycerol,  which  retains  water  very  selectively. 


BRASS  GAUZE  / 

Figure  3.12.  Bulb  crusher. 
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Descriptions  of  various  types  of  equipment  for  sample  introduction  will 
be  found  in  the  publications  indicated  by  references  2,8,9,  11,  12  and  16 
at  the  end  of  this  chapter. 

Detection  Devices 

'The  detector,  which  has  to  sense  and  measure  the  amounts  of  com¬ 
ponents  present  in  the  effluent  gas,  may  be  termed  the  brain  of  the  appa¬ 
ratus.  Its  main  properties  should  be  a  rapid  response  and  a  high  sensitivity 
combined  with  a  good  stability,  as  it  has  often  to  indicate  extremely  small 
and  rapidly  varying  concentrations  or  amounts  of  substance.  \ 

The  methods  of  detection  described  in  the  literature  or  otherwise  known 
to  the  author  are  listed  below.  They  are  subdivided  into  “integral”  and 
“differential”  methods  (see  p.  12). 

Integral  methods 

(1)  Automatic  titration  of  acids  and  bases. 

(2)  Detection  by  the  conductivity  of  a  collecting  solution. 

(3)  Determination  of  volatile  components  by  volume  or  pressure  incre¬ 
ments  in  a  vessel. 


Differential  methods 


(1)  Detection  by  the  flow  of  gas  through  a  restriction. 

(2)  Surface  potential  method. 

(3)  Detection  by  dielectric  constant. 

(4)  Detection  of  organic  compounds  by  complete  combustion  and  de¬ 
termination  of  C02 . 

(5)  Detection  by  Martin’s  density  comparator. 

(6)  Detection  by  a  thermocouple  above  a  hydrogen  flame. 

(0  Radiological  detection,  involving  the  measurement  of  ionization  bv 
3  rays.  J 


(8)  Detection  by  differences  in  thermal  conductivity. 

The  writer’s  persona.1  experience  is  confined  to  integral  methods  (1)  (2) 
and  (3)  and  differential  methods  (1),  (7)  and  (8).  Thermal  conductivity  is 
e  Pnnciple  that  is  most  widely  used  at  the  present  time;  the  method  will 
be  described  in  some  detail  at  the  end  of  this  chapter. 

pages.eSCnPtl°n  °f  the  Vari°US  SySt6mS  °f  detection  is  g^en  in  the  following 


Integral  Methods.  Automatic  Titration  of  Acids  and  t nn.v. 
he  method  described  in  .lames  and  Martin’s'  first ^  pubhcaW  o Jo  L T 
where  a  full  account  of  the  apparatus  employed  will  1 be  found  In  hort  ^’ 

r  bt ^ 

was  measured  photometrically.  The  ^toet^ 
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the  admission  of  standard  alkali  or  acid,  the  volume  of  the  latter  being 
registered  on  a  chart  by  recording  the  position  of  a  plunger. 

Determination  by  measuring  the  conductivity  of  a  solution.  Boer9  described 
a  simple  procedure  in  which  organic  acids  in  the  effluent  were  collected  in 
an  alkaline  solution,  the  composition  of  which  was  measured  conducto¬ 
metrically  and  recorded.  An  analogous  procedure  was  employed  for  bases, 
aldehydes  and  ketones,  the  absorbing  liquid  then  being  standard  acid  or 
hydroxylamine  hydrochloride  solution,  respectively. 

Methods  (1)  and  (2)  are  evidently  limited  to  reactive  compounds. 

Determination  of  volatile  compounds  by  volume  or  pressure  increments  in  a 
vessel.  If  a  gaseous  mixture  is  to  be  analyzed  and  carbon  dioxide  is  used  as 
carrier  gas,  the  latter  can  be  removed  by  solution  in  an  alkali  and  the  com¬ 
ponents  may  be  measured  directly. 

Janak11  used  a  graduated  vessel  filled  with  caustic  potash  solution  and 
measured  the  gaseous  components  visually  at  constant  pressure.  The  same 
procedure  was  followed  by  Ray12.  The  method  is  excellent  for  hydrocarbons 
of  low  molecular  weight;  the  higher  members  of  some  series  (notably  the 
olefins)  are,  however,  to  some  extent  lost  by  solution. 

The  method  was  improved  and  made  self-recording  by  van  de  Craats8, 
who  employed  a  constant-volume  technique,  because  pressures  are  more 
easily  recorded  automatically  than  gas  volumes.  His  apparatus  is  illustrated 
in  Figure  3.13.  Its  most  interesting  part  is  the  C02  scrubber,  which  was 
designed  to  remove  the  carrier  gas  completely  with  a  minimum  amount  of 
solution  and  virtually  no  back  pressure.  It  consisted  of  a  stainless  steel 
tube  (500  by  5  mm),  containing  a  loose  coil  for  increasing  the  path  travelled 
by  the  KOH  solution,  and  kept  in  vibration  electromagnetically.  At  an  in¬ 
let  gas  pressure  of  80  mm  Hg,  a  current  of  carbon  dioxide,  corresponding 
to  6  1/h  at  760  mm,  was  quantitatively  absorbed  by  2  ml  per  minute  of 
KOH  solution  (30  per  cent),  which  entered  the  tube  at  30°C  and  was  heated 
by  the  absorption  of  C02  to  60°C.  At  the  latter  temperature  its  solvent  power 
for  hydrocarbons  is  negligible.  The  amount  of  alkaline  solution  in  the  re¬ 
ceiving  space  was  kept  constant  by  a  level  controller  and  the  pressure  was 
measured  and  recorded  by  means  of  an  electrodynamic  precision  meter.  The 
accuracy  of  the  method  is  estimated  at  ±0.3  per  cent  on  the  total  sample. 

In  this  form  of  detection  it  is  essential  to  use  C02  not  containing  more 
than,  say,  0.001  per  cent  of  air.  A  convenient  method  of  purifying  com¬ 
mercial  C02  for  this  purpose  is  described  in  Appendix  III. 

The  procedure  was  employed  for  analyzing  wide-range  mixtures  of  gases 
(hydrogen  and  hydrocarbons  from  methane  up  to  the  pentanes) ;  an  in¬ 
tegral  method  is  valuable  for  such  a  purpose,  since  the  wide  range  in  vola¬ 
tility  makes  it  necessary  to  increase  the  temperature  during  t  le  ana  ysis. 
The  result  of  such  an  analysis  is  illustrated  in  Figure  2.21. 
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Differential  Methods.  Methods  (1),  (2)  and  (3)  were  suggested  by  Grif¬ 
fiths,  James  and  Phillips13. 

Detection  by  Impedance  of  Gas  Flow.  The  pressure  differential  developed 
across  a  restriction  through  which  the  carrier  gas  flows  at  constant  rate 
changes  if  the  gas  carries  volatile  admixtures.  If  the  restriction  is  an  orifice, 
the  pressure  differential  is  closely  related  to  the  density  of  the  gas,  if  it  is  a 
capillary,  to  the  viscosity.  The  former  property  is  the  more  sensitive  and 
has  the  advantage  of  being  related  to  a  simple  molecular  parameter. 

The  inventors  believed  the  sensitivity  of  the  method  to  equal  that  of 
thermal  conductivity  measurement,  but  it  is  doubtful  whether  this  com¬ 
parison  can  still  be  upheld  today,  since  the  sensitivity  of  thermal  conduc¬ 
tivity  cells  has  recently  been  greatly  improved. 

Surface  Potential  Method™.  If  a  d.c.  potential  is  applied  across  two  parallel 
plates  of  different  metals,  one  of  which  is  kept  in  vibration,  an  oscillating 
condenser  is  formed  and  an  alternating  e.m.f.  is  set  up.  This  e.m.f.  is  de¬ 
pendent  on  the  gas  between  the  plates.  Griffiths  et  al.  further  found  that 
differences  due  to  gas  composition  are  greatly  enhanced  if  one  of  the  plates 
is  coated  with  a  fatty  acid  or  collodion. 

The  system  is  highly  sensitive  and  appears  to  show  large  differences  for 
certain  types  of  compounds.  Thus  nitrogen,  saturated  at  0°C  with  ethanol 
and  cyclohexane,  respectively,  gave  potential  changes  of  +40  and  —5  mV 
with  respect  to  the  carrier  gas,  while  they  gave  the  same  differential  by 
thermal  conductivity. 
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figure  3.13.  Gas  analysis  apparatus  with  pressure  recording.  (After  van  de  Craats.) 
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The  method,  however,  suffers  badly  from  slow  response  and  retardation 
effects. 


Detection  by  Dielectric  Constant13.  Griffiths  et  al.  passed  the  effluent  through 
a  small  condenser  packed  with  charcoal,  the  capacity  forming  part  of  an 
oscillating  circuit.  Changes  in  capacity  are  thus  converted  into  frequency 
modulations,  which  are  then  detected  by  a  discriminator,  and  are  further 
amplified  and  recorded. 

The  measurement  of  small  changes  in  capacity  requires  considerable 
precautions  and  the  method  is  not  so  simple  as  thermal  conductivity. 

Detection  of  Organic  Compounds  after  Combustion  to  C02 .  Martin  and 
Smart14  described  a  method  for  detecting  organic  compounds  in  the  effluent, 
based  on  employing  nitrogen  as  the  carrier  gas,  passing  the  effluent  through 
a  tube  containing  copper  oxide  heated  to  dull  redness,  and  measuring  the 
resulting  carbon  dioxide  in  the  gas  stream  by  means  of  an  infrared  analyzer- 
recorder.  Instruments  of  the  latter  type  are  highly  sensitive  and  give  a  full- 
scale  deflection  with  0.01  per  cent  of  C02  in  N2  when  using  a  30  cm  cell. 
It  is  not  necessary  to  cool  the  gas  emerging  from  the  CuO  tube;  natural 
cooling  is  sufficient.  The  bulk  of  water  formed  should  preferably  be  removed 
by  a  drying  agent  to  prevent  loss  of  C02  in  the  condensing  water,  but 
the  analyzer  does  not  respond  to  water  vapor.  The  large  volume  of  the  30 
cm  cell  will  be  a  drawback  in  many  cases. 

Martin  and  Smart  considered  the  method  superior  from  various  aspects  to 
detection  by  thermal  conductivity.  In  the  writer’s  opinion  one  of  its  main 
advantages  lies  in  the  fact  that  equal  molar  percentages  of  organic  com¬ 
pounds  yield  C02  in  proportion  to  the  number  of  carbon  atoms  in  the  mole¬ 
cule,  so  that  calculation  is  greatly  facilitated.  The  procedure  is  in  principle 
not  restricted  to  the  use  of  an  infrared  analyzer  and  another  system  of  de¬ 
tection  sensitive  to  C02  (such  as  thermal  conductivity)  might  be  adopted. 

The  authors  give  no  data  on  the  completeness  of  combustion  or  its  in¬ 
fluence  on  the  accuracy  of  the  procedure. 

Detection  by  Martin's  Density  Meter  ( Gas  Density  Balancef5.  This  ingen¬ 
ious  device*,  recently  developed  by  Martin,  provides  a  highly  sensitive 
method  of  comparing  the  densities  of  the  pure  carrier  gas  and  the  column 


effluent.  f/  „ 

The  body  of  the  instrument  consists  of  a  copper  block  (6  x  2  x  -  ) 

in  which  a  number  of  passages  have  been  drilled,  as  shown  in  Figure  3.14. 
The  instrument  is  first  balanced  out  while  pure  carrier  gas  is  passing  into 
its  two  inlets.  Balancing  is  done  by  adjusting  the  position  of  rods  B  C,  D 
and  E  (which  are  comparable  to  the  four  resistances  of  a  \\  heatstone  bridge) 
until  the  points  X  and  Y  are  at  exactly  the  same  pressure.  The  indicator 

*  Patent  application  filed  by  National  Research  Development  Council  London. 
The  Martin  Density  Comparator  forms  part  of  a  complete  appara  us 
manufactured  by  Casella  Electronics  Ltd.,  London. 
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employed  for  this  purpose  is  an  anemometer  (^4),  which  reveals  minute 
currents  of  gas  from  X  to  Y  or  vice  versa.  The  anemometer  is  shown  dia- 
grammatically  in  Figure  3.15.  In  the  center  of  the  passage  XI  it  contains  an 
electric  conductor  consisting  of  two  sections  of  copper  wire  XJ \  and  J*Y, 
joined  by  a  short  length  of  constantan  wire  J \J i ,  so  as  to  form  two  thermo¬ 
junctions  J  \  and  J  2 . 

Below  J1J2  a  hairpin  heater  H,  entering  the  anemometer  through  a  side 
tube,  is  situated.  By  rotating  the  anemometer,  the  temperatures  of  J 1  and 
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J 2  can  be  equalized  exactly.  The  smallest  current  of  gas  passing  through  XY 
will  then  be  revealed  by  a  difference  in  temperature  of  the  two  junctions. 

If  the  carrier  gas  entering  the  right-hand  inlet  contains  a  volatile  com¬ 
ponent,  the  density  of  the  gas  in  bore  ST  will  have  a  different  value  and 
the  balance  of  the  U-tube  PQTS  (Figure  3.14)  will  be  upset,  so  that  a  cur¬ 
rent  of  gas  will  flow  through  the  anemometer.  As  a  result  of  the  design,  this 
current  is  always  pure  carrier  gas.  The  amount  of  heat  conducted  away  from 
the  anemometer  hence  does  not  depend  upon  the  heat  conductivity  of  the 
component  sensed;  true  density  differences  are  thus  measured. 

The  density  comparator  is  stated  to  be  at  least  as  sensitive  as  the  thermal 
conductivity  cell.  The  relationship  of  the  signal  to  a  simple  molecular 
parameter  is  claimed  as  a  further  advantage. 

Detection  by  a  Hydrogen  Flame  and  Thermocouple.  During  a  discussion  at 
the  4th  World  Petroleum  Congress  (Rome,  June  1955),  a  method  of  detec¬ 
tion  developed  by  R.  P.  W.  Scott  was  described  by  K.  H.  Y.  French.  It 
consists  in  using  hydrogen  as  the  carrier  gas  and  burning  the  effluent  at  a 
fine  jet  placed  below  a  thermocouple.  The  appearance  of  organic  com¬ 
ponents  in  the  effluent  results  in  a  lengthening  and  change  in  temperature 
of  the  flame  and  a  corresponding  rise  in  temperature  of  the  thermocouple. 
This  temperature  is  registered  by  a  high-speed  recorder. 

It  is  claimed  that  the  procedure  has  an  accuracy  of  ±1  per  cent  and  that, 
in  the  case  of  hydrocarbons,  the  amount  of  a  component  is  directly  propor¬ 
tional  to  the  area  of  the  peak. 

The  method  is  to  be  published  in  detail.* 

Radiological  Detection  by  Ionization  with  (3  Rays.  The  measurement  of  the 
ionization  produced  in  a  substance  by  various  forms  of  radiation  or  bom¬ 
bardment  has  previously  been  used  for  analytical  purposes.  A  very  con¬ 
venient  method  of  effecting  ionization  is  by  means  of  (3  rays  discharged 
from  a  radioactive  source.  The  application  of  this  principle  to  detection  in 
G.L.C.  has  been  developed  in  the  research  laboratories  of  the  Royal  Dutch/ 
Shell  Group  of  companies17, 18.  Though  the  development  is  not  yet  com¬ 
plete,  the  results  appear  so  promising  that  the  procedure  may  be  briefly 


outlined  here.  . 

It  consists  basically  in  measuring  the  saturation  current  passing  through 

the  ionized  gas  between  two  electrodes,  across  which  a  constant  direct 
potential  is  applied,  the  gas  being  irradiated  with  0  rays  from  a  Sr  90 
source.  A  differential  technique  is  utilized.  One  arrangement  that  has  been 
employed  makes  use  of  a  cell  composed  of  two  chambers,  the  first  contain¬ 
ing  the  pure  carrier  gas,  the  other  the  column  effluent.  The  electric  circuit, 


*  See  preprints  of  Symposium  on  Gas  (Vapour  Phase)  Chromatography  (Institute 
of  Petroleum  London^  May/June  1956;  papers  by  R.  P.  W.  Scott  <K  102  and  M.  M. 
Wirth  (C  61).  The  latter  author  uses  nitrogen  as  earner  gas  and  injects  hydrogen 

after  the  column. 
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Figure  3.16.  Circuit  diagram  of  (3-ray  detector. 


shown  diagrammatically  in  Figure  3.16,  is  so  arranged  that  the  two  ioniza¬ 
tion  currents  are  opposed,  and  that  the  differential  current  is  measured  by 
passing  it  through  a  high  load  resistance.  The  resulting  potential  is  deter¬ 
mined  by  means  of  an  electrometer  (for  instance  a  vibrating  reed  elec¬ 
trometer),  which  in  turn  feeds  an  amplifier  and  recorder.  The  voltages 
applied  to  the  chambers  must  be  well  above  those  producing  current  satura¬ 
tion  and  are  generally  of  the  order  of  100  to  300  volts. 

For  a  two-component  system  it  has  been  found  that  the  saturation  ioniza¬ 
tion  current  i,  is  (approximately)  built  up  additively  of  the  saturation 
ionization  currents  is  and  is  of  the  carrier  gas  and  the  component,  re¬ 
spectively 


is  =  misc  +  (1  —  m)is°  (1) 

in  which  m  is  the  mole  fraction  of  component.  In  a  double  detector  of  the 
compensation  type  the  current  in  the  reference  chamber  is  is°  and  that  in 
t  e  measuring  chamber  is  ia .  The  measured  differential  current  A i  to 
which  the  signal  is  proportional,  hence  is 


rriyi/Q 


) 


J„Taf1Ce,'''.1S,USUally  SmaI1  as  comPared  with  i,c;  consequently  the 
a  is  argc  y  independent  of  the  type  o  cfarrier  gas.  The  value  of  i  ‘ 

however  depends  upon  the  nature  of  the  component;  it  is  directly  pro’ 
“mofe°cau.eUantity  Wh‘Ch  “  ”faled  ‘°  “ the  cross-secUon 
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If  we  denote  Q hydrogen  arbitrarily  as  1 .00,  Qcarb0n  proves  to  be  4.16  and  Q„itros 
3.84.  For  a  hydrocarbon  C,H^P  we  find 

Qhydrocarbon  =  6.16  71  fl-  J)  (3) 

With  the  aid  of  the  Q  values,  proportionality  factors  for  converting  peak 
areas  of  components  to  weights  or  vice  versa  can  be  calculated: 

factor  =  Q(comPonent)  —  ^(carrier  gas) 
mol.  weight  of  component 

Figure  3.17  shows  plots  of  these  factors  for  a  number  of  hydrocarbons  in 
nitrogen  and  in  hydrogen. 

In  interpreting  a  chromatogram,  the  measured  peak  area  for  each  com¬ 
ponent  is  divided  by  its  appropriate  factor.  The  quotients  thus  obtained 
for  all  peaks  are  added;  the  percentage  by  weight  of  each  component  is  found 
by  calculating  the  percentage  of  its  quotient  on  the  total. 

The  ionization  current  is  insensitive  to  changes  in  the  rate  of  flow  of  the 
gas,  but  sensitive  to  changes  in  pressure  and  temperature.  An  advantage  of 
the  double-cell  arrangement  is  that  the  sensitivity  both  to  pressure  and  to 
temperature  may  be  compensated  for  by  joining  the  exits  of  the  two  cham¬ 
bers,  as  shown  in  Figure  3.16  (the  flow  of  pure  reference  gas  being  reduced 


FACTOR 


Figure  3.17.  Calculated  calibration  factors  for  various  classes  of  hydrocarbons  in 
rad“^Cp^rtffinsf AAA  olefins  and  monocyclic  naphthenes;  OOO  mono-aromatics. 


APPARATUS  FOR  GAS-LIQUID  CHROMATOGRAPHY 


77 


to  a  minimum),  so  that  any  pressure  or  temperature  fluctuations  which 
occur  are  virtually  identical  in  both  compartments. 

There  is  evidence  that  the  sensitivity  ultimately  obtainable  with  this 
method  may  be  higher  than  that  of  detection  by  thermal  conductivity. 
The  apparatus  required  is,  however,  somewhat  more  complicated  and 
costly,  and  the  handling  of  the  radioactive  sources  requires  certain  pre¬ 
cautions. 

As  an  example  of  a  record  obtained  by  detection  with  /3-ray  ionization,  a 
curve  published  by  Boer18  is  reproduced  in  Figure  3.18.  It  was  obtained  on  a 
synthetic  mixture  of  aromatic  hydrocarbons  with  a  column  containing  mel- 
litic  ester  as  stationary  phase.  (For  further  operational  details  see  Figure 
3.18.)  The  peak  areas  were  determined  automatically  by  using  a  low-inertia 
electromotor  with  counter. 

The  composition  was  determined  by  the  “normalization”  (total  peak 


colulT^^  f'arts  “Sterchamor'  40-100  mesh; 

5  mg;  detector;  3-ray  unit- TntegraL.  m  -  (yd.r°gen  floW:  25  l/h:  8amP>e  >i»: 
Methods  Ltd”).  (After  Boer.)  W  lntertla  motor  and  counter  (“Electro 


78 


GAS  CHROMATOGRAPHY 


Table  3.1.  Analysis  of  a  Synthetic  Mixture  of  Aromatic  Hydrocarbons; 

Radiological  Detection 


Component 


Composition  Calculated  Actual  Composition 
from  Peak  Areas  (%  wt)  (%  wt) 


*  Slight 


Benzene 

16.3 

16.5 

Toluene 

17.2 

17.0 

Ethylbenzene 

17.0 

17.1 

Cumene 

16.2 

16.2 

f-Butylbenzene* 

16.l}33'3 

17.4) 

p-Cymene* 

15.7/ 

overlap. 


area)  method,  using  factors  calculated  from  the  ionization  cross-sections  of 
the  various  molecules. 

The  figures  so  found  are  compared  in  Table  3.1  with  the  known  composi¬ 
tion  of  the  sample. 


Detection  Based  on  Thermal  Conductivity 

The  principle  of  the  method  is  that  heat  is  conducted  away  from  a  hot 
body,  situated  in  a  gas,  at  a  rate  depending  on  the  nature  of  the  gas,  other 
factors  being  constant.  The  variation  in  the  amount  of  heat  thus  removed 
is  considerable;  Freon,  for  instance,  has  only  about  one-fifth  of  the  heat 
conductivity  of  air,  while  hydrogen  has  approximately  seven  times  its  con¬ 
ductivity. 

Detection  instruments  based  on  this  property  are  known  as  thermal 
conductivity  cells  or  katharometers.  The  latter  word,  which  was  introduced 
by  Shakespear19  will  be  adopted  in  this  book.  Katharometers  usually  con¬ 
tain  a  wire  (or  wires)  of  some  metal,  preferably  having  a  high  temperature 
coefficient  of  resistance,  mounted  axially  in  a  space  containing  the  gas. 
The  wire  is  heated  by  a  constant  electric  current.  The  conductivity  of  the 
surrounding  gas  is  a  factor  determining  the  temperature  of  the  wire  and 
consequently  also  its  resistance;  the  latter  property  is  measured.  If  the 
presence  of  a  foreign  substance  in  the  gas  is  to  be  detected  by  this  means,  it 
is  obviously  essential  that  this  substance  shall  have  a  thermal  conductivity 
differing  from  that  of  the  pure  gas.  For  quantitative  determination,  the 
thermal  conductivity  of  the  mixture  should  preferably  be  approximately  a 
linear  function  of  its  composition  in  the  range  concerned;  this  condition  is, 
with  but  few  exceptions,  fulfilled  fairly  closely  by  the  dilute  mixtures  in¬ 
volved  in  G.L.C.  .  u 

Since  absolute  measurements  of  thermal  conductivity  are  difficult  a 

differential  procedure  is  generally  adopted.  This  is  done  by  employing  two 
gas  channels  and  wires  that  are  as  nearly  as  possible  identical.  Pure  earner 
gas  flows  through  the  first  channel,  and  the  same  (or  an  equal)  current 
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gas,  which  has  passed  through  the  column,  through  the  second.  Any  dif¬ 
ferences  in  resistance  of  the  two  wires  due  to  the  effects  of  volatile  compo¬ 
nents  in  the  effluent  are  then  recorded.  This  may  conveniently  be  done  by 
means  of  a  Wheatstone  bridge  circuit  (Figure  3.19)  containing  the  two 
heated  wires  Ci  and  C2  and  two  equal  resistances  Rz  and  .  If  the  bridge  is 
first  balanced  with  pure  carrier  gas  surrounding  both  C\  and  C2 ,  and  the 
effluent  subsequently  becomes  admixed  with  a  component  having  a  dif¬ 
ferent  thermal  conductivity,  the  result  will  be  an  out-of-balance  potential 
between  A  and  B,  which  can  be  amplified  and  recorded  on  a  chart. 

It  should  be  noted  that  heat  does  not  leave  the  wire  only  as  the  result  of 
conduction  by  the  gas,  but  also  by  convection  (viz.,  by  heating  the  flowing 
gas),  by  radiation  and  by  secondary  effects,  e.g.,  conduction  through  the 
electric  leads,  etc.  In  a  properly  designed  cell  these  quantities  are  small 
compared  with  the  heat  loss  by  conduction.  In  a  symmetrical  double  cell 
they  are  largely  balanced  out.  The  various  effects  of  asymmetry  occurring 
in  a  differential  katharometer  are,  however,  important  and  will  be  con¬ 
sidered  later. 

Factors  Determining  the  Sensitivity  of  a  Katharometer 

The  sensitivity  of  a  katharometer  largely  depends  upon  its  design,  that 
is  to  say  on  the  geometry  of  the  cell.  There  are  also  several  other  factors 
that  must  be  considered  in  developing  such  an  instrument,  for  instance  its 
sensitivity  to  small  fluctuations  in  gas  rate  and  pressure,  and  its  speed  of 
response;  these  will  be  referred  to  later.  A  few  basic  factors  affecting  the  sen¬ 
sitivity  of  katharometers  will,  however,  be  discussed  briefly.  For  a  more  de¬ 
tailed  account  of  the  instrument  and  the  underlying  theory,  the  reader  is 
referred  to  the  literature  20  -  21  - 22. 


Figure  3.19.  Bridge  circuit  of  double  katharometer. 
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A  strict  mathematical  treatment  of  the  thermal  conductivity  cell,  taking 
into  account  all  subsidiary  effects  (radiation,  convection,  etc.)  is  compli¬ 
cated.  For  the  purpose  in  view  it  will  be  permissible  to  assume  that  heat  is 
transported  only  as  a  result  of  conduction  by  the  surrounding  gas. 

Then,  if  an  electrically  heated  wire  is  placed  in  the  axis  of  a  cylindrical 
space  filled  with  gas,  the  heat  transported  by  the  gas  from  the  wire  to  the 
walls  of  the  cylinder,  at  equilibrium,  is  equal  to  the  heat  generated  by  the 
current  in  the  wire,  i.e. 


&Rtw  =  d\tm'(tw  -  te)  (4) 

in  which 

i  =  the  current  in  the  wire 

Rtw  =  the  resistance  of  the  wire  at  its  own  mean  temperature,  tw 
tc  =  the  temperature  of  the  cylinder  wall 
Xtm  =  the  thermal  conductivity  of  the  gas  at  a  mean  temperature  tm  ; 
for  practical  purposes  tm  may  be  approximated  by  tm  \(tw  +  tc ) 
a  —  an  instrument  constant. 

The  temperature  dependence  of  resistance  of  the  wire  and  of  the  thermal 
conductivity  of  the  gas  are  given  by 

R t  =  Ro(l  +  at)  (5) 


and 

\t  =  Xo(l  +  fit) 


(6) 


(the  subscript  zero  refers  to  some  standard  state). 

Let  us  assume,  for  an  approximate  calculation,  that  fi  is  negligibly  small 
and  that  the  value  of  X,m  changes  to  the  extent  of  AX,  owing  to  a  small 
amount  of  a  component  as  vapor  in  the  gas.  The  result  will  be  a  change  in 
tw  by  At.  If  the  total  energy  iRtw  is  kept  constant  it  follows  from  Eq.  (4) 

that 

\,Jt „  -  Q  =  +  AX)((„  +  M  -  Q  (7) 


or  (neglecting  second  order  infinitesimals) : 

At  =  ^c) 


(7a) 


where  e(=  AX/X)  is  the  relative  change  in 
change  in  temperature  A£  causes  a  change  AR 
given  by 


thermal  conductivity.  The 
in  the  resistance  of  the  wire 


AR  =  aRoAt 


a 


1  +  at, 


'  •  R tw‘  €  '  (.tw  tc) 


(8) 


If  now  (see  Figure  3.19)  -  R 4 


yCi ,  and  the  total  bridge  current  is 
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I,  the  out-of-balance  voltage  E  of  the  bridge,  between  A  and  B,  is  given  by 
a  well-known  formula  as: 


E  =  'YL.I.-AL-  (9) 

4  1+7 

(7  =  1  would  signify  that  the  fixed  resistors  and  the  wires  have  equal  re¬ 
sistances). 

By  substituting  from  Eq.  (8) : 


E  =  i 


cx.{tw  t e)  2y 


1  -f-  atw  1+y 


(10) 


We  will  now  define  the  absolute  sensitivty  77.  If  e,  the  relative  change  in 
thermal  conductivity  due  to  a  mole  fraction  p  of  vapor  in  the  gas,  is  a  linear 
function  of  p  (as  can  usually  be  assumed  for  the  small  percentages  involved), 
E  will  also  be  a  linear  function  of  p  and  hence 


E  =  VP  or  77  =  -  (11) 

V 

Means  of  influencing  rj  through  the  various  parameters  occurring  in 
Equation  (10)  can  now  be  considered. 

Effect  of  Changing  the  Current  (and  Temperature)  of  the  Wires. 

An  increase  in  the  current  affects  E ;  it  results  in  a  higher  wire  temperature 
(see  Figure  3.20)  i.e.,  in  an  increase  in  tw  -  tc ,  and  (since  the  wires  as  a 
rule  have  a  positive  temperature  coefficient)  in  an  increased  value  of 


82 


GAS  CHROMATOGRAPHY 


Rtw  •  As  a  rule  e  falls  somewhat,  since  thermal  conductivities  tend  to  con¬ 
verge  at  higher  temperatures,  but  the  net  result  in  Equation  (10)  is  a  con¬ 
siderably  larger  value  of  E,  and  consequently  also  of  the  sensitivity  77. 

As  a  practical  illustration  it  may  be  stated  that,  with  butane  in  nitrogen, 
a  twofold  increase  in  I  results  in  roughly  a  fivefold  increase  in  77. 

The  conclusion  therefore  is:  a  higher  current  (a  higher  heater  temperature ) 
greatly  increases  sensitivity.  The  stability  of  the  base-line,  however,  thereby 
becomes  correspondingly  lower,  and  this  fact  sets  a  practical  limit  to  the 
sensitivity  attainable  in  practice  by  increasing  tw  . 

Effect  of  Thermal  Conductivity  of  the  Carrier  Gas.  If  the  carrier  gas 
is  changed  to  another  having  a  different  thermal  conductivity,  the  amount 
of  heat  conducted  away  will  be  different,  and,  if  the  current  in  the  wire 
remains  the  same,  its  temperature  will  be  established  at  another  value. 
Figure  3.20  shows  the  relationship,  experimentally  determined,  for  a  par¬ 
ticular  type  of  cell,  between  the  current  and  the  average  temperature  of  the 
platinum  wire,  as  calculated  from  its  resistance.  It  gives  curves  for  hydro¬ 
gen,  nitrogen  and  Freon  12,  respectively.  It  will  be  seen  that  for  maintain¬ 
ing  a  wire  temperature  of  150°C,  about  130  mA  was  required  with  Freon  12, 
about  200  mA  with  nitrogen  and  about  530  mA  with  hydrogen,  the  latter 
gas  having  the  highest  heat  conductivity  of  the  three. 

A  discussion  of  the  effect  of  X  can  best  be  based  on  conditions  of  constant 
wire  temperature  (and  appropriate  values  of  I).  Let  us  consider  a  change-over 
from  nitrogen  to  hydrogen  as  carrier  gas. 

Most  organic  components  (the  lower  hydrocarbons  in  particular)  have 
thermal  conductivities  far  closer  to  that  of  nitrogen  than  of  hydrogen. 
Thus,  with  hydrogen,  the  quantity  AX  becomes  greater,  and  consequently 

also  e. 

Hence,  for  most  organic  compounds  the  sensitivity  with  hydrogen  is  con¬ 
siderably  greater  than  with  nitrogen. 

The  use  of  hydrogen,  however,  has  its  drawbacks.  Catalytic  reactions  of 
organic  compounds  with  hydrogen  in  the  presence  of  the  platinum  wire  have 
been  experienced  and  have  resulted  in  a  complete  upsetting  of  the  signal 
by  the  heat  effects  involved.  The  use  of  helium,  which  also  has  a  high  value 
of  X  would  avoid  this  difficulty,  but  is  expensive  in  some  countries.  A  practi¬ 
cal  drawback  to  using  hydrogen  in  cells  designed  for  nitrogen  is  that  the 
higher  current  necessitates  larger  storage  batteries,  but  this  may  be  over¬ 
come  by  employing  voltage-stabilized  rectifiers  instead.  Both  hydrogen  and 
helium  have  been  successfully  employed  for  several  purposes.  A  further 
advantage  of  hydrogen  is  that  the  ratio  r/p  becomes  much  less  sensitive 
to  the  nature  of  the  component  sensed,  a  fact  considerably  facilitating  ca  1- 
bration  of  the  detector,  particularly  for  components  of  similar  typ  . 

Table  3  2  in  which  the  thermal  conductivities  of  the  usual  carrier  gases 
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Table  3.2.  Thermal  Conductivity  (A)  of  Gases  and  Vapors20 


X  X  10‘ 

X/Xair 

X/Xair 

(o°C) 

(o°C) 

(100°C) 

Air 

5.83 

1.00 

1.00 

Nitrogen 

5.81 

0.996 

0.996 

Hydrogen 

41.60 

7.15 

7.10 

Carbon  dioxide 

3.52 

0.605 

0.700 

Helium 

34.80 

5.97 

5.53 

Freon  12 

-  1.96 

0.344 

— 

Ammonia 

5.22 

0.897 

1.04 

Water 

— 

— 

0.775 

Methane 

7.21 

1.25 

1.45 

Ethane 

4.36 

0.750 

0.970 

Propane 

3.58 

0.615 

0.832 

n-Butane 

3.22 

0.552 

0.744 

n-Pentane 

3.12 

0.535 

0.702 

n-Hexane 

2.96 

0.508 

0.662 

Cyclohexane 

— 

— 

0.576 

Benzene 

— 

0.370 

0.583 

Ethene 

4.19 

0.720 

0.980 

Acetylene 

4.53 

0.777 

0.900 

Chloroform 

1.58 

0.269 

0.328 

Methyl  chloride 

2.20 

0.377 

0.530 

Methanol 

3.45 

0.592 

0.727 

Ethanol 

— 

— 

0.700 

Acetone 

2.37 

0.406 

0.557 

Ethyl  ether 

— 

— 

0.747 

Methyl  acetate 

1.61 

0.421 

_ 

and  of  frequently  occurring  types  of  components  are  listed,  may  be  a  useful 
guide  in  the  selection  of  a  carrier  gas  for  a  particular  analysis. 

Thermal  Conductivity  of  Mixtures  of  Gases.  It  should  be  noted 
however  that  the  values  of  X  given  in  Table  3.2  refer  to  the  pure  substances 
only,  and  that  the  thermal  conductivity  of  a  mixture  of  two  gases  is  in  gen¬ 
eral  not  a  linear  function  of  composition  (see,  for  instance,  Lindsav  and 

S  g  L  C  the6  °t  ,hTld’  ^  tHe  V6ry  high  ^*'ut'ons  generally  prevail- 

is  assumed'?o’r  the*  6rP  USUa“y  ‘inear*  if  “  “effective”  value  of  X 

s  assumed  for  the  minor  component.  This  fact  is  illustrated  in  Figure  3  21 

which  shows  the  measured  values  of  X  for  mixtures  of  nitrogen  and  carbon 

oxide,  and  nitrogen  and  isobutane.  In  mixtures  containing  „  i 

the^admixture^had°a  ta^f '^'(CoZr  ^ 

adjacency  of  the  true  thermal  conducts ties\(cbTrd^tcJaL°^ 

POStUlated-  Thus  --  for 

sr fOT ia  *  — y- :PP\:: 
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wide  discrepancy  between  the  effective  values  (X')  also  indicates  that  in 
extreme  cases  the  order  may  even  be  reversed:  a  component  of  a  lowrer 
thermal  conductivity  than  another  may,  in  some  cases,  produce  a  greater 
change  in  X  at  the  same  high  dilution  in  the  carrier  gas. 

Influence  of  the  Block  Temperature.  If,  with  a  constant  current,  the 
temperature  of  the  katharometer  block  is  reduced,  more  heat  will  be  con¬ 
ducted  awray  and  the  temperature  of  the  wire  becomes  lower;  Rtw  therefore 
decreases,  e,  however,  tends  to  increase,  owring  to  the  divergence  of  thermal 
conductivities  at  low  temperature  levels.  The  result  is  that  sensitivity  in¬ 
creases  with  a  reduction  in  wall  temperature. 

Obviously,  however,  the  katharometer  must  be  operated  at  a  temperature 
sufficient  to  prevent  condensation  of  components. 

The  Katharometer  Constant.  It  has  been  shown  that  for  a  straight 
cylindrical  wire  the  instrument  constant  (a)  may  be  expressed  in  terms  of 
the  length  of  the  wrire  l  and  the  radii  rc  and  rw  of  the  channel  and  wire, 


xn2 
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respectively: 

a  =  2irl/\n  -  (12) 

Tw 

From  the  Eqs.  (4),  (10)  and  (12)  it  follows  that  the  sensitivity  rises  with  an 
increasing  value  of  l  and  a  decreasing  value  of  rc .  The  influence  of  rw  is 
less  easily  derived,  but  it  can  be  shown  that  rj  also  increases  markedly  with 
decreasing  wire  diameter. 

Considerations  of  a  constructional  nature  set  limits  to  the  length  of  wire, 
the  smallness  of  the  bore  and  the  fineness  of  wire  that  can  be  chosen.  The 
length  of  the  wire  can  be  increased  by  coiling  it.  (A  modified  formula  for  a 
is  then  obtained;  see  Daynes20.)  Platinum  wires  less  than  20  n  in  diameter 
have  insufficient  strength.  Tungsten  (which  has  somewhat  different  values 
for  a  and  for  p,  the  specific  resistance)  can  be  employed  in  thinner  wires 
than  platinum.  Experiments  with  a  cell  of  a  form  to  be  described  later  (see 
p.  88  and  Appendix  II),  in  which  the  20  p  (27  ft)  platinum  wires  were 
replaced  by  10  p  (80  ft)  tungsten  wires,  gave  an  increase  in  sensitivity  by 
approximately  a  factor  3,  mainly  as  the  result  of  reduced  wire  diameter. 
Such  an  instrument  also  consumes  less  current.  Some  disadvantages  ex¬ 
perienced  by  the  writer  with  tungsten-wire  katharometers  (which  are  still 
in  an  experimental  stage)  are  the  more  serious  permanent  drift  that  occurs, 
and  the  increased  difficulty  of  construction  with  respect  to  platinum. 

Wires  of  other  metals  mightbe  considered.  A  useful  criterion  for  their 
suitability  is  the  product  a\/p>  to  which  the  sensitivity  rj  proves  to  be 
roughly  proportional,  other  conditions  being  equal.  The  values  of  p,  a  and 
a  Vp  for  a  number  of  metals  are  collected  in  Table  3.3.  As  already  stated, 
however,  the  choice  of  metal  also  depends  upon  secondary  considerations. 
Thus  antimony  and  bismuth,  with  their  high  values  of  <x\/ p,  are  ruled  out 
because  they  cannot  be  drawn  into  wires. 


Metal 

Table 

Resistivity  p 
(20°C) 

3.3 

Temp.  Coeff.  a 
(20°C) 

Silver 

1.62 

3.61  X  10~3 

Copper 

1.72 

3.93 

Aluminum 

2.82 

4.21  “ 

Tungsten 

5.75 

4.54 

Nickel 

7.24 

4.91 

Iron 

9.78 

6.34  “ 

Platinum 

10.6 

3.69 

Invar 

75 

2.0 

Antimony 

41.7 

3.6  “ 

Bismuth 

120 

4.0  “ 

a  v  p 
(x  10«) 

4.58 

5.15 

7.07 

10.89 

13.21 

19.82 
12.03 
17.32 
23.26 

43.82 
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a 

RAPID  RESPONSE 
SENSITIVE  TO  FLOW  FLUCTUATIONS 


b 

COMPROMISE 


c 

SLOW  RESPONSE 

INSENSITIVE  TO  FLOW  FLUCTUATIONS 

Figure  3.22.  Locations  of  sensing  wire  in  katharometers.  (After  Dimbat,  Porter 
and  Stross.) 


The  use  of  semi-conducting  layers  (thermistors)  instead  of  simple  con¬ 
ductors  in  katharometers  appears  to  offer  considerable  promise.  Thermistors 
have  far  higher  values  of  a\/p  than  the  metals  normally  used.  The  selection 
of  matched  pairs  of  thermistors  and  their  reproducibility  in  the  long  run 
still  seem  to  involve  considerable  difficulties. 


Katharometers  in  Their  Practical  Form 

Geometry  of  the  Filament.  Katharometers  are  obtainable  in  com¬ 
merce,  or  may  be  constructed  by  the  investigator  to  his  own  design  .  As 
already  stated,  the  sensitive  element  may  be  a  heated  straight  or  coiled 
wire  or  a  thermistor;  unless  there  is  a  danger  of  chemical  attack  the  body 
is  preferably  a  metal  block  for  reasons  of  temperature  uniformity,  though 
other  constructions  have  also  been  employed  (see  below). 

*  Katharometers  are  marketed  by  the  Gow-Mac  Instrument  Co.  100  King’s  Road 
Madison,  New  Jersey,  who  also  supply  coiled  wire  elements  in  matched  pairs  for 
intending  to  make  their  own  instrument. 
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Figure  3.23.  Double  channel  glass  thermal-conductivity  cells. 

Gas  path  indicated  by  arrows  1  to  6.  Sample  injected  at  A,  column  sealed  on  at 
B,  channel  for  measuring  vapour  concentration  C,  compensating  channel  D,  mercury 

jacket  E,  mercury  expansion  bulb  F ,  vapor  jacket  G,  condenser  connection  H.  (After 
Phillips.) 

A  point  of  importance  is  the  location  of  the  sensing  element  in  the  gas. 
Figure  3.22  shows  three  alternatives16.  The  location  most  frequently  adopted 
is  in  a  channel  through  which  the  whole  gas  current  passes  (Fig.  3.22a). 
A  cell  of  this  design  has  a  rapid  response  but  is  sensitive  to  fluctuations  in 
flow.  (This  effect,  and  methods  of  minimizing  it,  will  be  discussed  later), 
bigure  3.22  (c)  shows  the  location  of  the  filament  in  a  side-chamber  off  the 
gas  stream;  this  construction  reduces  the  influence  of  fluctuations  inflow  but 

SwSt.sr” <w 

""  “w  h  — 

Phillips23,  in  his  earlier  work  used  a  simdp  ppII  t 

323P^  f Uble  ““  constructed  of  glass  which  is  depict  JhT Figure 

3.23.  In  this  instrument  the  “block”  is  formed  by  a  mercury  jacket  conlSn 
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ing  the  two  channels  C  and  D.  The  mercury  jacket  is  maintained  at  a  con¬ 
stant  temperature  by  a  part  of  the  vapor  bath  that  is  used  for  thermo¬ 
statting  the  column.  An  instrument  with  glass  channels,  of  a  somewhat 
different  construction,  has  been  designed  by  Brooks  and  Williams24.  In 
this  instrument  the  two  channels  are  encased  in  brass  blocks,  which  again 
form  a  unit  with  the  heating  jacket  of  the  column.  The  instrument  is  de¬ 
scribed  in  Appendix  II. 

Katharometers  with  glass  channels  are  relatively  cheap  and  easy  to 
construct  and  in  the  author’s  opinion  may  give  good  service  if  the  highest 
constancy  is  not  essential.  Experience  has  shown,  however,  that  glass- 
channeled  cells  tend  to  give  poor  base-line  stabilities  at  elevated  tempera¬ 
tures  (e.g.,  150°C).  This  fact  is  probably  due  to  the  difference  in  expansion 
of  glass  and  metal,  with  consequent  slackening  of  the  wires  and  sensitivity 
to  variations  in  flow. 

A  metal-housed  katharometer,  in  which  the  heating  wires  are  maintained 
under  tension  by  springs,  and  which  embodies  other  desirable  features,  is 
described  in  Appendix  II.  This  katharometer  was  developed  in  the  labora¬ 
tories  of  the  Royal  Dutch/Shell  Companies  after  considerable  experience, 
and  though  it  is  not  the  ultimate  attainable,  has  proved  to  be  sensitive, 
robust  and  reasonably  reproducible;  it  is  at  present  used  widely  in  these 
companies’  laboratories  and  refineries.  As  experience  has  shown  that  its 
reliability  involves  attention  to  small  points,  its  construction  will  be  dis¬ 
cussed  at  some  length.  The  account  of  katharometer  characteristics,  given 
in  the  remaining  part  of  this  chapter,  is  based  on  experiments  carried  out 
with  this  particular  instrument. 


The  chief  limitation  of  the  last-mentioned  katharometer  is  that  the  maxi¬ 
mum  temperature  of  operation  is  approximately  200°C,  mainly  on  account 
of  the  materials  of  construction  used.  Davies  and  Johnson25,  after  over¬ 
coming  considerable  difficulties,  have  succeeded  in  designing  an  instill¬ 
ment  which  is  capable  of  withstanding  higher  temperatures  and  which 
thus  extends  the  field  of  G.L.C.  to  the  range  of  higher  boiling  points. 

Characteristics  of  Katharometers 

Symmetry  of  the  Cells.  It  is  found  in  practice  that  double-channel 
katharometers  can  show  a  very  appreciable  asymmetry  between  the  two 
units  Even  with  great  care  in  the  selection  of  wires,  in  mounting  them 
axially,  etc.,  a  complete  identity  between  the  two  channels  must  not  be 
relied  upon.  Asymmetry  inherent  in  the  instrument  can  manifest  itself  in 


vanouCT 


(1)  Asymmetry  on  varying 
with  the  same  gas  in  the  two 
ture,  the  balance  may  provi 
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m  V  OUTPUT  BRIDGE  m  v  OUTPUT  BRIDGE 


Figure  3.24.  Base  line  drift  due  to  asymmetry,  caused  by: 
a  and  b,  changes  in  wall  temperature;  c,  changes  in  current  (wire  temperature); 
d,  changes  in  gas  rate  (same  flow  in  both  channels). 


Figure  3.24,  a  and  b  show  the  magnitude  of  such  discrepancies  found  with 
carefully  constructed  cells  of  the  type  described  in  Appendix  II;  in  each 
case  two  double  cells  weie  balanced  at  30  and  120°C,  respectively,  and  the 
wall  temperature  was  then  varied. 

(2)  Asymmetry  on  varying  the  current  (wire  temperature).  Figure 
3.24,  c  shows  similar  out-of-balance  voltages  produced  in  two  double  cells 

on  varying  the  current  passing  through  the  two  wires  after  the  bridge  had 
been  balanced  at  200  mA. 


Th(f?PtTmn  ry(°n.  Tying  the  rate  °f  gaS  flow  equal‘y  in  both  channels. 
Fi™rfr2VSH  tIT,1  m  V ^Ponding  manner  for  two  double  cells  in 
igure  3.24,  d.  The  latter  phenomenon  (due  to  cell  asymmetry)  must  not 

be  confused  with  the  discrepancies  caused  by  varying  the  gas  flow  in  one 
channel  with  respect  to  that  in  the  other  "  8  6 

ntssi  sii’sir  tzzzrjszrz 


90 


GAS  CHROMATOGRAPHY 


The  effects  of  cell  asymmetry  just  referred  to  are,  of  course,  accidental 
and  will  vary  from  instrument  to  instrument.  For  accurate  work  it  will 
frequently  repay  the  trouble  of  determining  the  magnitude  of  these  effects 
by  special  experiments  in  which  the  parameter  in  question  is  varied,  all 
others  being  kept  constant.  It  then  becomes  possible  to  state  the  precision 
with  which  the  particular  operating  variable  must  be  controlled  in  order 
to  insure  that  the  base  line  drift,  due  to  this  cause,  shall  not  exceed  a  per¬ 
missible  fraction  (say  0.2  per  cent)  of  the  full-scale  deflection  of  the  re¬ 
corder.  As  an  example,  the  case  of  katharometer  A  in  Figure  3.24  may  be 
considered.  This  instrument  produces  a  bridge  output  varying  by  0.02  mV 
per  degree  variation  of  wall  temperature.  If  a  recorder  with  a  maximum 
deflection  corresponding  to  2.5  mV  is  used,  the  permissible  base  line  drift 
may  be  taken  to  be  0.2  per  cent  of  2.5  mV  or  0.005  mV.  The  latter  figure 
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Figure  3.25.  Flow  systems  in  katharometers. 
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corresponds  to  an  alteration  of  0.25°C  in  wall  temperature;  the  katharom- 
eter  should  therefore  be  thermostatted  to  within  d=0.125°C. 

Gas  Flow  Effects— Location  of  the  Filament.  The  manner  in  which 
changes  in  gas  flow  can  affect  the  katharometer  system  as  a  whole  depends 
upon  the  arrangement  of  the  flow  through  the  two  channels.  Three  such 
arrangements,  shown  diagrammatically  in  Figure  3.25,  a,  b  and  c,  are 
encountered  in  practice. 

(a)  The  gas  passes  in  series  through  (1)  the  chromatographic  column, 
(2)  the  first  channel,  (3)  a  cold  trap  for  removing  components  of  the 
sample,  (4)  the  second  channel. 

(b)  In  this  arrangement  we  have  flow  in  parallel  through  (1)  the  column 
and  first  channel  and  (2)  a  controllable  restriction,  duplicating  the  column, 
and  the  second  channel. 


V  V  OUTPUT  BRIDGE 
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(c)  This  arrangement  has  series  flow  through  (1)  the  first  channel,  (2) 
the  column,  and  (3)  the  second  channel. 

If,  in  arrangement  (a),  the  cold  trap  has  no  appreciable  resistance,  the 
gas  rates  and  pressures  in  the  two  channels  will  be  virtually  equal.  All  that 
is  required  is  a  control  of  the  gas  rate  for  avoiding  possible  asymmetry,  as 
described  above.  With  this  provision,  system  (a)  can  be  expected  to  give 
a  good  base-line  stability.  It  requires,  however,  an  effective  removal  of 


sample  components  by  chilling,  a  provision  which  may  not  be  possible  or 
convenient  in  every  case.  For  routine  analyses  this  requirement  makes  the 
arrangement  less  suitable. 

With  arrangement  (b)  it  can  be  shown  experimentally  that  if  the  bridge 
is  balanced  with  an  equal  flow  of  the  same  gas  through  the  parallel  chan¬ 
nels,  and  the  flow  in  one  of  the  channels  is  then  increased,  an  appreciable 
out-of-balance  voltage  results.  Figure  3.26,  a  illustrates  this  effect  for  3,  6 
and  10  1/h  of  nitrogen  in  one  channel.  From  the  equal  slopes  of  the  three 
lines  it  appears  that  the  out-of-balance  voltage  is  mainly  dependent  on  the 
difference  between  the  rates  in  the  two  channels  and  not  on  the  actual 
flow  rate.  It  is  due  to  the  fact  that  the  small  amount  of  heat  removed  by 
convection  is  now  unequal  in  the  two  channels,  i.e.,  not  to  asymmetry  of 
the  instrument.  The  practical  disadvantage  of  the  method  is  that  equality 
of  flow  in  the  two  channels  depends  on  the  resistances  of  the  column  and  of 
the  regulating  restriction;  if  either  of  these  varies  during  operation  a 
variation  in  the  base  line  must  occur.  In  practice  the  required  constancy  of 
the  restriction  is  not  easily  realized. 

The  influence  of  flow  effects  in  arrangement  (c)  is  slightly  more  compli¬ 
cated.  The  two  channels  are  separated  by  a  restriction  (the  column),  so 


that  the  pressure  in  the  first  channel  is  higher  than  in  the  second  and  the 
volumetric  flow  rate  is  correspondingly  lower.  Suppose  that  with  a  certain 
inlet  pressure  at  the  first  channel  and  a  constant  (say  atmospheric)  outlet 
pressure  at  the  second  the  bridge  is  brought  in  balance.  Now  let  the  inlet 
pressure  be  altered,  whereby  the  gas  rate  through  the  whole  also  changes. 
Two  separate  effects  may  now  be  expected:  (1)  the  different  gas  pressure  in 
the  first  channel  will  alter  the  response;  (2)  the  (approximately  equivalent) 
change  in  the  gas  rates  through  both  channels  may  produce  a  zero  drift 
owing  to  asymmetry,  as  discussed  on  p.  89,  (Figure  3.24,  d).  The  latter 
change  may,  however,  be  either  positive  or  negative,  according  to  the  idio¬ 
syncrasies  of  the  instrument.  In  this  case  it  is  important  which  of  the  two 
openings  of  the  katharometer  is  taken  as  the  inlet  and  which  as  the  outlet. 
In  the  one  case,  any  change  occurring  owing  to  effect  (2)  will  increase  e  - 
feet  (1)-  on  reversing  inlet  and  outlet,  effect  (2)  will  reduce  effect  (1). 

System  (c)  is  the  simplest  and  most  generally  applicable  in  practice 
and  has  been  employed  in  the  greater  part  of  the  writer’s  work.  It  is,  how- 
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ever,  very  desirable  to  insure  that  the  two  flow  effects  discussed  above  shall 
tend  to  be  subtractive  and  not  additive.  This  may  be  carried  out  as  follows. 
The  two  channels  are  connected  in  series,  first  without  any  intermediate 
restriction.  The  bridge  is  balanced  at  a  certain  gas  rate,  say  10  1/h,  and  the 
zero  drift  caused  by  a  gradual  reduction  in  gas  rate  is  determined.  The 
points  are  plotted,  and  some  course  as  shown  by  the  dotted  line  in  Figure 
3.26,  b  is  obtained.  The  procedure  is  now  repeated  with  a  restriction  (the 
column  or  an  artificial  gas  resistance)  between  the  two  channels,  the  bridge 
being  again  balanced  at,  say,  10  1/h  gas  rate.  The  latter  series  is  also  re¬ 
peated  after  reversing  inlet  and  outlet.  In  this  way  the  two  solid  lines  in 
Figure  3.26,  b  might  be  found.  The  line  having  the  least  divergence  from 
zero  is  the  position  to  choose.  (The  dotted  line  should  furnish  a  check  by 
lying  midway  between  the  solid  lines.)  The  entry  and  outlet  of  the  cell 
should  then  be  permanently  marked  as  such. 

Conclusions.  After  considering  the  various  sources  of  error  to  which 
katharometers  are  subject,  we  can  summarize  the  precautions  that  must 
be  taken  in  designing  and  using  them  as  follows. 

(1)  The  two  cells  of  the  katharometer  must  have  a  high  degree  of  geo¬ 
metric  and  physical  symmetry.  (This  involves:  identical  wires  at  the  same 
tension,  identical  channels,  axial  centering,  etc.)* 

(2)  The  katharometer  must  be  maintained  at  a  constant  temperature. 
Regulation  to  within,  say,  ±0.05°C  up  to  100°C  and  ±0.1°C  above  100°C 
will  usually  suffice. 

(3)  The  heating  current  should  be  kept  constant  (say  to  within  0.1  per 
cent).  (A  method  of  checking  this  with  a  standard  cell  will  be  described  in 


Appendix  II.) 

(4)  By  the  use  of  sensitive  pressure  regulators,  the  gas  rate  should  be 
controlled.  As  a  rule  it  should  not  vary  by  more  than  20  ml/h. 

(5)  If  the  channels  are  connected  in  series,  with  the  column  in  between, 
care  should  be  taken  that  the  errors  due  to  variations  in  flow  and  pressure 
tend  to  compensate  and  not  intensify  one  another. 

Finally,  it  may  be  pointed  out  that  the  appearance  of  a  component  in 
the  effluent  gas  causes  a  surge  in  the  flow  which  also  produces  a  signal. 

his  surge  effect  (which,  like  the  change  in  thermal  conductivity  is  pro¬ 
portional  to  concentration  at  the  high  dilutions  occurring  in  practice)  is 
io\v  ever,  included  in  the  calibration  constant  determined  for  the  com¬ 
ponent.  It  need  therefore  not  be  taken  into  account,  as  long  as  calibration 

an“yIL  °Ut  '  ^  COnditions  “  are  maintained  in  the  actual 
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Assemblies  of  Chromatographic  Apparatus 

Except  perhaps  for  certain  branches  of  laboratory  research  work  and  for 
incidental  analyses,  the  various  components  constituting  the  apparatus  for 
gas  chromatography  may  with  advantage  be  encased  in  suitable  housing  as 
a  complete  unit.  This  will  have  the  recording  equipment  and  the  essential 
controls  mounted  on  a  panel ;  it  must  of  course  be  so  constructed  that  parts, 
such  as  the  column,  which  may  have  to  be  interchanged  or  may  need  atten¬ 
tion  can  be  easily  reached. 

Since  such  unit  assemblies  can  be  built  up  in  numerous  ways  and  theii 
form  has  no  influence  on  the  principles  of  gas  chromatography,  these  ag¬ 
gregates  will  not  be  dealt  with  further  in  this  book.  Several  complete  sets 
of  equipment  are  now  available  commercially.  A  unitized  apparatus  that 
was  developed  in  the  laboratory  with  which  the  writer  is  associated  and  has 
been  considerably  employed  for  routine  analyses  in  a  large  petroleum  re¬ 
finery  is  illustrated  in  Figure  3.27. 
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Figure  3.27.  Example  of  unitized  apparatus  for  gas  chromatography. 
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Chapter  4 

GENERAL  THEORY  OF  CHROMATOGRAPHIC 

SEPARATIONS 


Introduction 


The  important  states  and  processes  prevailing  in  a  chromatographic 
column,  such  as  adsorption  or  absorption  equilibria,  mass  transfer  between 
the  two  phases,  diffusion  and  convection,  may  be  expressed  more  or  less 
accurately  in  mathematical  terms.  For  this  purpose  the  chromatographic 
column  can  be  regarded  as  a  macroscopically  homogeneous  medium,  so  that 
the  main  phenomenon — the  transport  of  solute  through  the  column — can 
be  described  by  a  one-dimensional  differential  equation.  The  microscopic 
phenomena  are  then  considered  as  perturbations  superimposed  on  the 
main  phenomenon. 

A  general  and  exact  treatment,  however,  leads  to  excessively  compli¬ 
cated  mathematics.  By  introducing  simplifying  assumptions  various 
theories  of  limited  validity  are  obtained,  which  nevertheless  may  yield  the 
explanation  of  important  chromatographic  phenomena,  such  as  the  move¬ 
ment  of  bands  or  zones  of  solute  through  the  column  or  the  dispersion  of 
these  bands.  The  fact  that  in  this  way  there  now  exist  different  chromato¬ 
graphic  theories,  according  to  the  nature  of  the  simplifications  introduced, 
has  led  various  critics  to  discredit  these  theories,  but  it  will  be  shown  that 
this  attitude  is  unsound.  The  restricted  theories,  on  the  contrary,  have 
proved  to  be  valuable  aids  in  the  practical  development  of  chromatography. 

Before  proceeding  to  deal  with  the  theories  and  with  simplifications  to  be 
adopted,  it  will  be  as  well  to  introduce  some  conceptions  that  will  be  used 
in  considering  chromatographic  processes. 


The  Distribution  Isotherm 

As  we  have  seen  in  Chapter  1,  a  separation  in  chromatographic  processes 
is  founded  on  the  distribution  of  the  base  material  over  two  phases.  The 
ratio  of  the  concentrations  of  a  substance  distributed  between  two  equil¬ 
ibrated  phases  under  certain  conditions  (for  instance,  at  a  particular  tern- 
perature)  is  termed  the  distribution  ( partition )  coefficient.  The  numerical 
value  of  this  quantity  depends  upon  the  units  in  which  the  concentrations 
are  expressed,  and  also  on  which  of  these  concentrations  occurs  in  the 
numerator.  In  partition  chromatography  it  has  become  common  use 
consider  the  distribution  coefficient  as  a  dimensionless  quantity  by  ex- 
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pressing  the  concentrations  in  the  moving  and  in  the  stationary  phase  per 
unit  of  volume.  In  adsorption  chromatography  the  concentrations  in  the 
moving  phase  are  usually  expressed  per  unit  of  volume,  those  in  the  ad¬ 
sorbent,  however,  per  unit  of  weight,  because  the  adsorbent  cannot  be 
considered  as  homogeneous.  Hence,  in  adsorption  chromatography  the 
distribution  coefficient  is  not  a  dimensionless  quantity. 

In  this  book,  which  mainly  deals  with  partition  chromatography,  we  will 
define  the  partition  coefficient  k  as, 

_  amount  of  solute  per  unit  volume  of  stationary  liquid  phase 

amount  of  solute  per  unit  volume  of  moving  phase 

The  distribution  coefficient  may  now  be  either  (a)  independent  of  the 
concentration  of  dissolved  material  or  (b)  variable  with  change  in  concen¬ 
tration. 

In  case  (a)  a  plot  of  the  concentration  of  material  in  the  moving  phase 
(horizontal  axis)  against  concentration  in  the  stationary  phase  at  a  given 
temperature  gives  a  straight  line  through  the  origin  (Figure  4.1a)  and  we 
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CONCENTRATION  IN  MOVING  PHASE 

Figure  4.1.  Distribution  isotherms. 
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speak  of  a  “linear”  isotherm.  The  corresponding  graphs  (b)  and  (c)  represent 
non-linear  isotherms ;  these  may  be  curved  either  toward  or  away  from  the 
horizontal  axis. 

In  partition  chromatography  the  conditions  are  often  such  that  we  can 
assume  the  isotherms  to  be  linear.  In  adsorption  chromatography,  on  the 
other  hand,  there  is  frequently  no  region  of  concentrations  in  which  the  iso¬ 
therm  is  approximately  straight  and  non-linear  isotherms  must  be  postu¬ 
lated. 


The  Plate  Concept 

A  column  may  be  considered  as  a  device  in  which  a  number  of  elementary 
separation  processes  have  been  linked  up. 

A  continuous  countercurrent  process,  such  as  distillation  and  extraction, 
may  (in  theory  and  sometimes  in  practice)  be  carried  out  in  a  number  of 
discrete  stages,  each  constituting  an  elementary  process  in  which  perfect 
equilibrium  is  established  between  the  opposed  phases  and  in  which  the 
latter  are  then  again  separated.  Such  a  stage  is  known  as  a  “theoretical” 
stage  or  plate.  In  a  packed  column,  however,  the  phases  are  continuously 
in  motion  and  the  establishment  of  complete  equilibrium  is  impossible.  In 
such  cases  it  is  usual  to  refer  to  a  length  of  the  column,  over  which  the 
separation  effected  is  equivalent  to  that  of  a  theoretical  plate,  as  the 
“Height  Equivalent  to  a  Theoretical  Plate ”  or  “H.E.T.P.” 

The  plate  concept  has  also  proved  fruitful  in  the  theory  of  chromatog¬ 
raphy,  where  a  single  phase  is  moving  continuously  and  complete  equilib¬ 
rium  can  therefore  also  never  be  fully  realized.  Moreover,  in  certain  chro¬ 
matographic  methods  the  speed  of  flow  is  so  small  that  no  serious  error  is 
introduced  by  assuming  the  presence  of  equilibrium  in  describing  ceitain 
phenomena,  for  instance  the  rate  of  transport  of  a  band  through  a  column. 
In  gas  chromatography,  on  the  other  hand,  the  speed  of  the  moving  phase  is 
large  and  such  an  assumption  is  in  general  not  permissible,  although  it  still 
adequately  describes  the  movement  of  the  zone  of  maximum  concentration 

of  a  band. 


Classification  of  Chromatographic  Theories 


The  simplified  theories  of  chromatography  may  now  be  classified  in  the 
following  manner  according  to  the  assumption  that  one  or  each  of  the  two 
conditions  mentioned  below  prevails  (see,  for  instance,  van  Deemter, 


Zuiderweg,  and  Klinkenberg1) . 

(1)  The  distribution  isotherm  is  either  linear  or  non-lmear. 

(2)  The  prevailing  conditions  correspond  to  what  is  known  eit  ler  as 
“ideal”  or  “non-ideal”  chromatography.  In  the  first  case  the  exchange  proc¬ 
esses  thermodynamically  reversible;  the  equilibrium  between  particle  and 
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fluid  is  immediate  (the  mass  transfer  coefficient  is  infinitely  high)  and  longi¬ 
tudinal  diffusion  and  other  processes  having  a  similar  effect  can  be  ignored. 
In  “non-ideal”  chromatography  these  simplifying  assumptions  cannot  be 

made. 

One  thus  arrives  at  the  following  four  possibilities: 

Ideal  Chromatography  Non-ideal  Chromatography 

Linear  isotherm  (I)  Linear  ideal  chroma-  (III)  Linear  non-ideal  chro- 

tography  matography 

Non-linear  isotherm  (II)  Non-linear  ideal  chro  (IV)  Non-linear  non-ideal 

matography  chromatography 

These  four  cases  will  first  be  briefly  reviewed  before  going  into  theoretical 
discussions. 

Linear  Ideal  Chromatography.  Case  I  is  the  simplest  assumption 
involving  the  essential  features  of  chromatography.  The  retardation  of 
solute  with  regard  to  the  moving  solvent  depends  upon  the  product  of  the 
distribution  (partition)  coefficient  between  the  two  phases  and  the  ratio 
of  the  amounts  of  these  phases  present  in  the  column.  The  shape  of  a  band, 
during  its  movement,  thus  remains  unchanged.  This  is  the  case  that  was 
dealt  with  in  the  classical  treatment  of  Wilson2a;  it  has  been  depicted  sche¬ 
matically  in  Figure  4.2.  An  important  feature  is  that  different  solutes,  in¬ 
troduced  as  a  mixture  into  a  column,  behave  independently. 

The  requirements  for  the  individual  bands  to  be  separated  can  be  found 
by  simple  mathematics. 

Non-Linear  Ideal  Chromatography.  This  case  is  of  importance  for 
the  treatment  of  liquid-adsorption  chromatography,  where  the  effects  of 
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non-linearity  of  the  isotherm  are  usually  appreciable.  On  the  other  hand, 
mass  transfer  is  sufficiently  fast  and,  in  spite  of  the  low  linear  velocity  of 
the  moving  liquid,  longitudinal  diffusion  still  may  be  neglected.  This  case 
has  been  treated  first  by  Wilson2a,  whereas  a  more  correct  treatment  has 
been  given  by  de  Vault 2b  for  a  single  solute;  it  has  been  depicted  in  Figure 
4.3. 

During  their  passage  through  the  column  the  bands  usually  develop  a 
sharp  front  and  a  long  tail,  a  fact  which  renders  the  method  less  suitable 
for  elution  chromatography.  A  special  complication  is  introduced  by  the 
fact  that  the  solutes  may  affect  each  other,  so  that  the  case  of  two  or  more 
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Figure  4.5.  Non-linear  non-ideal  chromatography  (after  Martin). 


solutes  cannot  be  derived  by  superposition  of  single-solute  cases.  Strictly 
speaking,  it  is  not  even  accessible  to  rigorous  treatment3. 

Linear  Non-ideal  Chromatography.  In  this  case  bands  broaden  dur¬ 
ing  their  passage  through  the  column  in  an  almost  symmetrical  manner ;  the 
elution  bands  approach  the  shape  of  a  Gaussian  curve  (Figure  4.4).  The 
case  is  of  particular  importance  for  the  treatment  of  partition  chromatog¬ 
raphy,  either  with  a  moving  liquid  or  a  moving  gas,  as  the  assumption  of 
the  linear  isotherm  is  then  usually  a  good  approximation.  The  theory  of 
this  case  can  be  dealt  with  in  two  ways. 

In  one  form  of  treatment  it  has  proved  useful  to  regard  the  chromatog¬ 
raphic  column  as  a  discontinuous  medium  analogous  to  a  distillation  or  ex¬ 
traction  column,  built  up  of  a  large  number  of  equivalent  plates.  The 
theory  in  question  will  be  termed  the  “plate”  theory. 

A  treatment  which  is  at  least  as  fruitful  is  that  in  which  the  column  is 
visualized  as  a  continuous  medium  in  which  mass  transfer  and  diffusion 

phenomena  are  taken  into  account;  this  approach  is  referred  to  as  the  “rate” 
theory. 

The  plate  theory  has  been  elaborated  by  Martin  and  Synge5,  Mayer  and 
Tompkins6  and  Glueckauf7 ;  the  rate  theory  has  been  treated  by  Lapidus 
and  Amundson8,  Glueckauf9 ,  TunitskiP,  Giddings  and  Eyring*  and  by  van 
Deemter,  Zuiderweg  and  Klinkenberg1. 

The  theories  of  Case  III  are  the  most  important  for  the  subject  of  this 
book  and  they  will  be  dealt  with  fairly  extensively  later  in  this  chapter. 

.  on-linear  Non -ideal  Chromatography.  The  elution  bands  are  dif¬ 
use  and  distinctly  asymmetric;  neither  front  nor  tail  is  sharp  (Figure  4.5). 

sorp  ion  chromatography  with  a  moving  gas  belongs  to  this  type.  Cer- 


102 


GAS  CHROMATOGRAPHY 


tain  kinetic  theories  of  Case  IV  are  mentioned  in  the  paper  by  Klinkenberg 
and  Sjenitzer11.  The  mathematical  treatment  of  these  theories  becomes 
very  involved  and  will  not  be  dealt  with  in  this  book. 

A  brief  discussion  of  ideal  chromatography  (Cases  I  and  II)  will  be 
given  first.  Case  III  will  then  be  dealt  with  in  more  detail. 

Theories  of  Chromatography 

Theory  of  Ideal  Chromatography 

The  theory  will  be  given  for  the  case  of  elution  development.  Frontal 
analysis  can  then  also  be  understood,  as  it  is  a  continuation  of  the  phe¬ 
nomena  occurring  during  the  introduction  of  the  sample  in  elution  develop¬ 
ment.  The  theory  of  displacement  development  will  be  treated  briefly  in 
Chapter  8  on  gas-solid  chromatography. 

Linear  Isotherms.  Chromatography  of  a  Single  Solute.  Consider  a 
column  of  adsorbent  through  which  a  gas  or  a  solvent  is  percolating  at  a 
constant  rate.  Suppose  now  that  this  flow  is  replaced  by  that  of  a  solution 
of  some  suitable  substance.  Owing  to  the  adsorption  of  the  solute  molecules 
the  latter  will  be  held  back  by  the  adsorbent.  There  is  an  intimate  contact 
between  the  solution  and  the  adsorbent,  as  a  consequence  of  which  the 
solute  will  distribute  itself  at  equilibrium  between  the  stationary  and  the 
moving  phases,  i.e.,  between  the  adsorbent  and  the  solution,  respectively. 

If  in  this  dynamic  adsorption  equilibrium  a  fraction  (1  —  <p)  of  the  total 
amount  of  solute  is  adsorbed,  the  probabilities  for  any  solute  molecule  to 
be  in  the  adsorbed  or  non-adsorbed  state  at  any  given  moment  are  (1  —  <p) 
and  <p,  respectively.  Consequently  in  a  finite  time  interval  any  solute  mole¬ 
cule  will  move  along  with  the  solvent  only  during  a  fraction  <p  of  this  time; 
during  the  remainder  of  the  time  it  is  adsorbed  and  hence  stationary.  The 
average  rate  of  movement  of  the  solute  molecules  is  therefore  also  a  frac¬ 
tion  <p  of  the  rate  of  movement  of  the  solvent. 

The  linearity  of  the  distribution  isotherm  signifies  that  <p  does  not  depend 
upon  the  concentration,  so  that  the  rate  of  movement  of  a  band  also  does 
not  vary  with  the  concentration;  bands  of  the  same  solute,  having  diffeient 
concentrations,  will  all  move  at  the  same  relative  speed  <p,  hence  a  band  of 
arbitrary  shape  during  its  progress  through  the  column  maintains  its  form. 

Separation  of  Two  Solutes.  Consider  again  a  column  of  adsorbent  which, 
prior  to  the  introduction  of  sample,  has  been  wetted  with  a  liquid  E,  the 
solvent  or  the  eluent  (see  Figure  4.6).  A  small  sample  consisting  of,  say, 
equal  amounts  of  components  A  and  B  (the  latter  being  the  more  strongly 
adsorbed)  is  introduced  into  the  top  of  the  column,  either  as  such  or  in 
eluent  dilution.  Just  after  the  sample  has  entered  the  column  a  situation 
as  pictured  in  Figure  4.6b  prevails;  both  A  and  B  are  found  m  a  small  zone 
at  the  top.  The  amount  of  B  on  the  adsorbent  is  larger  than  that  of  - 

(i  _  <PB  >  i  -  <pa)  and  hence  the  zone  °ccuPied  by  A 1S  larger  than  that 
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Figure  4.6.  Elution  development  of  two  solutes  A  and  B.  B  is  more  strongly  ad¬ 
sorbed  than  A ;  E  is  the  eluent. 


occupied  by  B.  Thus  at  the  leading  edge  of  this  band  system  a  small  zone 
of  A  has  been  formed.  Continuation  of  sample  introduction  and  the  cor¬ 
responding  enlargement  of  that  zone  is  equivalent  to  frontal  analysis. 

In  elution  development  the  introduction  of  the  sample  is  followed  by 
washing  with  the  eluent;  the  various  stages  of  the  consequent  development 
are  pictured  in  Figures  4.6c  to  f.  Since  <pA  >  <pB  ,  the  band  of  A  is  moved 
down  by  the  eluent  faster  than  the  band  of  the  more  strongly  adsorbed 
component  B.  Consequently  the  zone  of  A  at  the  front  of  the  system  be¬ 
comes  larger  and  larger,  while  at  the  trailing  side  of  the  system  a  zone  of 
pure  B  is  formed,  which  also  increases  in  length  during  washing.  In  between 
the  two  zones  of  A  and  B  a  mixed  band  occurs,  the  height  of  which  con¬ 
tinuously  decreases.  Eventually  this  mixed  band  disappears,  and  a  gap  of 
pure  eluent  develops. 

As  a  consequence  of  the  infinite  rate  of  mass  transfer  and  absence  of  axial 
diffusion,  the  width  of  the  two  zones  remains  unchanged  during  their  pas¬ 
sage  through  the  column.  Separation  is  complete  after  the  two  bands  have 
moved  apart  a  distance  equal  to  their  mean  width. 

These  conclusions  may  be  expressed  mathematically  in  a  form  in  which 
the  constants  of  the  chromatographic  column  occur. 

Let,  unit  length  of  the  column  contain  Gs  grams  of  adsorbent  and  Vt  ml 

of  liquid,  then  the  total  solute  content  Q  of  a  horizontal  cross-section  per 
unit  length  of  column  is  given  by 


Q  ~  y iC i  +  GgCa 


(i) 


:nh7e  C‘  a"d  ar.e  the  concentrations  of  the  solute  on  the  solid  phase 
and  in  the  liquid  phase,  respectively,  expressed  in  suitable  units*. 

comnli^)rTl,dftailed.  cons!d/ration  ‘he  accurate  interpretation  of  C.  involves  a 
replication  that  is  not  considered  in  this  brief  account  of  the  theory. 
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The  passage  of  a  volume  of  eluent  AT  will  produce  a  downward  shift  of 
the  band  equal  to  Ax.  At  the  front  of  the  solute  zone  a  section  of  length  Ax 
that  was  originally  free  of  solute  will  now  contain  the  amount  QAx,  sup¬ 
plied  by  the  volume  AV.  This  volume  AT  originally  contained  an  amount 
CiAV  of  the  solute.  The  conservation  of  mass  requires  QAx  to  be  equal  to 
CiAV  or 


Ax  _  1 

AT  "  Q/Ci 

Elimination  of  Q  from  (1)  and  (2)  gives: 


Ax  1 

AT  Vi  +  Gs‘C»/Ci 


(2) 

(3) 


Equation  (3)  shows  that  for  large  values  of  CJCt  (high  adsorptivity)  the 
transport  velocity  is  low.  Solutes  with  different  values  of  CJCi  will  travel 
at  different  rates.  A  simultaneous  introduction  of  various  bands,  as  is  done 
on  introducing  a  sample  into  the  top  of  the  column,  will  be  followed  by  a 
development  of  the  zones  with  different  velocities  and  this  again  causes 
the  components  to  be  separated  after  the  required  volume  of  eluent  has 
passed. 

It  is  the  ratio  of  the  transport  velocities  (which  will  later  be  defined  as 
the  “separation  factor”)  that  determines  whether  components  can  be 
readily  separated  or  not.  It  is  convenient  to  take  the  transport  velocity 
(Ax/AT) id.  of  an  idealized  non-adsorbed  component  as  a  standard.  The 
ratio 


Rf  — 


(4) 


is  frequently  referred  to  in  literature  .  Since  for  the  idealized  component 
C8  =  0,  (Ax/AT) id.  =  1  /V i  and  hence 

1 

(5) 


Rf  = 


1  + 


G. 

Ti 


C. 

ct 


The  ratio  of  the  transport  velocities  of  two  solutes  equals  the  ratio  of  their 

R  F  values  (Equation  4).  .  .  , 

Curved  Isotherms.  Suppose  we  introduce  into  the  column  successively, 

without  a  gap,  three  narrow  bands  of  the  same  solute  in  different  concen¬ 
trations  (see  Figure  4.7).  For  the  movement  of  these  bands  down  the  col¬ 
umn  two  cases  have  to  be  considered  as  regards  the  relation  between  C. 
and  Cl ,  the  isotherm  C.  =  f(C,)  being  linear  if  C,/C,  is  constant,  and 
non-linear  if  C»/ C i  is  not  constant. 
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Figure  4.7.  Linear  isotherm:  bands  of  different  concentration  move  at  equal  rates. 

Figure  4.8.  Curved  isotherm:  bands  of  high  concentration  move  faster  than  bands 
of  low  concentration. 

Concentration  on  solid  and  in  liquid  have  been  plotted  in  opposite  directions  along 
horizontal  axis.  Bands  have  been  introduced  successively  at  the  top  and  move  in 
the  direction  of  X. 


If  CJCi  is  constant,  as  assumed  hitherto,  Equation  (3)  shows  that  the 
transport  velocities  of  all  zones  in  Figure  4.7  are  equal;  consequently  the 
band  system  will  be  transported  through  the  column  unchanged.  A  band 
in  which  the  concentration  changes  continuously  can  be  considered  as  the 
limit  of  a  large  number  of  narrow  bands  each  of  constant  concentration. 
Such  a  band  preserves  its  shape;  it  does  not  broaden. 

Now  suppose  that  Cs/Ci  is  not  constant,  as  is  nearly  always  the  case  in 
adsorption  chromatography.* 

As  Cs/Ci  decreases  with  increasing  Ci  ,  it  follows  that  zones  of  high  con¬ 
centration  of  solute,  as  represented  by  block  1  in  Figure  4.8  will  move  faster 
(Equation  3)  than  zones  of  low  concentration,  such  as  block  3. 

Fuithermore,  a  band  with  continuously  changing  concentration  will 
finally  sharpen  its  front  completely.  With  the  tail  of  the  zone  the  reverse  is 
the  case.  A  band  of  low  concentration  moves  slowly  and  remains  behind 
with  respect  to  the  bands  of  higher  concentration.  An  originally  sharp  and 

symmetric  band  thus  becomes  an  asymmetric  one  with  a  sharp  front  (see 
deVault2b). 

In  this  brief  survey  of  the  theories  of  ideal  chromatography  problems 


soIut?cS/CClrhrSUy>be  eXplaineduaS  f0ll0WS'  F°r  Ver^  low  concentrations  of  the 
oWdflLd  ui  Ta  y  conf ant'  but  with  increasing  concentration  the  material 
be  adsorbed  will  find  part  of  the  adsorbent  surface  already  occupied  so  that  the 

“  Sma"er  ^  ^  add'ti0''a'  n».ecu,esPC,'c,0htehnaete  dt 
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CONCENTRATION 


Figure  4.9.  Craig  distribution  with  243  stages  for  separation  of  actinomycin  C 
and  actinomycin  X.  [After  Brockmann  ( Angew .  Chem.,  66,  1)  (1954)]. 


connected  with  mutual  influence  of  various  solutes  on  their  adsorption  have 
been  ignored.  In  this  respect  the  reader  is  referred  to  the  original  literature 
already  mentioned. 


Theory  of  Non -ideal  (linear)  Chromatography 


“Plate”  and  “Rate”  Theories.  The  elution  diagrams  shown  in  the 
examples  of  chapter  2,  obtained  with  a  differential  technique  of  detection, 
consist  of  a  number  of  bell-shaped  curves,  approaching  fairly  closely  to 
symmetric  Gaussian  distribution  curves,  though  some  of  them  show  definite 
signs  of  asymmetry.  Usually  the  peaks  are  narrow  near  the  injection  point 
and  broaden  as  they  move  further  in  the  diagram,  with  a  consequent  reduc¬ 
tion  in  peak  height. 

Distribution  with  Intermittent  Flow — Craig  Distribution  (. Binomial  Type). 
Curves  of  this  type  are  also  encountered  in  other  separation  processes  based 
on  extraction.  Such  a  procedure,  to  which  reference  has  already  been  made 
in  Chapter  1,  is  Craig’s  multiple  extraction  process13.  In  Figure  4.9  a 
243-stage  Craig  extraction  for  the  separation  of  Actinomycin  C  and  Actin¬ 
omycin  X  is  illustrated.  Although  employing  totally  different  equipment, 
this  method,  as  already  stated,  shows  very  close  analogies  to  chromato¬ 
graphy.*  In  Craig’s  machine  a  large  number  of  ideal  extraction  stages 
have  been  linked  up;  for  the  separation  use  is  made  of  two  immiscible  phases 
between  which  the  materials  to  be  separated  are  distributed.  One  of  these 


phases  moves  and  the  other  is  stationary. 

The  concept  of  the  theoretical  plate  or  stage  can  best  be  clarified  by  dis¬ 
cussing  the  Craig  extraction. 

As  was  already  pointed  out,  a  stage  is  “ideal”  if  the  phases  are  equili¬ 
brated  in  some  way  and  thereafter  completely  separated.  An  ordinary 


*  See  definition,  Chapter  1. 
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laboratory  separating  funnel  may  act  as  an  ideal  stage  and  Craig  s  process 
may  be  conceived  as  a  very  large  number  of  successive  extraction  funnels. 

Let  us  consider  a  series  of  11  separating  funnels  numbered  from  0  to  10. 
We  shall  carry  out  a  model  extraction  in  which  a  system  of  two  liquids  T 
(top  liquid)  and  B  (bottom  liquid),  which  are  assumed  to  be  immiscible— is 
used.  Initially  all  funnels  contain  an  equal  amount  of  B  only,  funnel  zero 
in  addition  containing  a  certain  amount  of  solute  Y .  We  shall  first  deal 
with  a  solute  Y  having  a  distribution  coefficient  kY  =  L  This  means  that 
after  a  volume  of  T  equal  to  that  of  B  has  been  introduced  into  funnel  zero, 
and  its  contents  have  been  shaken  and  allowed  to  settle,  solute  Y  dis¬ 
tributes  itself  equally  between  top  and  bottom  layer. 

The  procedure  is  now  as  follows. 

(1)  To  (the  subscript  refers  to  the  ordinal  number  of  the  funnel)  is  trans¬ 
ferred  to  funnel  1;  an  equal  amount  of  fresh  T  is  introduced  into  funnel 
zero.  Both  funnels  are  equilibrated  and  allowed  to  settle.  Funnels  0  and  1 
now  each  contain  £F,  which  is  equally  distributed  between  To  and  B0 ,  T\ 
and  Bi ,  respectively. 

(2)  Ti  is  transferred  to  funnel  2  and  T0  to  funnel  1 ;  fresh  T  is  introduced 
into  funnel  zero;  the  funnels  are  equilibrated  and  allowed  to  settle.  Funnel 
2  contains  the  amount  |F,  transferred  with  T\  ;  this  quantity  is  equally 
distributed  between  B2  and  T2 .  Funnel  1,  already  containing  f  F  in  the 
bottom  layer  B\ ,  has  received  another  ?F  by  the  transfer  of  To  .  Hence, 
this  funnel  contains  \Y  equally  distributed  between  T\  and  B\  .  Funnel 
zero  contains  \  Y. 

(3)  The  procedure  is  repeated  by  taking  into  use  a  fourth  and  fifth  funnel 
and  so  on,  starting  with  the  transference  of  top  liquid  from  the  penultimate 
funnel  to  the  one  just  included.  With  eleven  funnels  (0  •  *  •  10)  the  situ¬ 
ations  that  are  established  successively  are  drawn  up  in  Table  4.1.  The 
fraction  of  1  present  in  each  funnel  can  be  found  from  the  terms  of  the 


Funnel  No .  0 


Amount  of  Y  in  the  1 
funnels  1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


Table  4.1 


1 

2 

3 

4 

5 

1 

2 

1 

3 

3 

1 

4 

6 

4 

1 

5 

10 

10 

5 

1 

6 

15 

20 

15 

6 

7 

21 

35 

35 

21 

8 

28 

56 

70 

56 

9 

36 

84 

126 

126 

10 

45 

120 

210 

252 

6  7  8  9  10 


1 

7  1 

28  8  1 

84  36  9  1 

210  120  45  10  1 


X  2° 

X  2-* 1 
X  2~2 * 
X  2-3 
X  2 
X  2-® 
X  2~« 
X  2-7 
X  2-* 
X  2~9 
X  2-1" 
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%  of  sown 


Figure  4.10.  Binomial  distribution  for  11  stages  (a);  21  stages  (6). 


binomial  expansion  (a  +  b)p,  where  p  is  the  ordinal  number  of  the  last 
funnel  taken  into  use  and  a  and  b  are  each  Figure  4.10a  is  the  distribu¬ 
tion  curve  corresponding  to  this  case  for  11  stages.  Although  the  amounts 
of  solute  from  funnel  to  funnel  change  stepwise,  it  is  usual  to  connect  the 
points  by  a  smooth  curve.  The  corresponding  distribution  curve  for  21 
funnels  (p  =  20)  is  shown  in  Figure  4.10b.  A  comparison  of  these  figures 
shows  the  broadening  and  the  depletion  of  the  curve. 

For  very  large  values  of  p  (>100)  the  distribution  closely  approaches 
a  Gaussian  distribution. 

In  practice  the  distribution  coefficient  k  will  not  be  unity  and  the  amounts 
of  T  and  B  may  differ.  It  can  easily  be  shown  that  for  a  system  in  which  the 
volumes  of  T  and  B  in  each  vessel  are  VT  and  VB  and  the  distribution 
coefficient  is  kY  ,  the  distribution  curve  can  be  found  by  plotting  the  terms 
of  the  expansion  of 


\Er  +  1 


+ 


Ey  V 
Ey  +  1/ 


(6) 


Ey  —  ky  • 


where 
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If  two  solutes  Y  and  Z  are  introduced  into  funnel  zero  and  EY  =  3,  Ez  =  §, 
the  first  will  be  distributed  according  to  the  terms  of  (*  +  f)p  and  the 
second  according  to  (f  +  ■  For  11  funnels  (p  =  10)  the  distribution 

curves  have  been  drawn  in  Figure  4.11. 

A  conclusion,  the  great  importance  of  which  is  not  always  fully  recog¬ 
nized,  can  be  drawn  from  the  latter  figure.  To  effect  an  essentially  complete 
separation  between  Y  and  Z  one  only  has  to  increase  the  number  of  funnels 
to  a  suitable  value.  It  is,  however,  not  necessary  to  apply  the  procedure  to 
all  the  funnels;  after  11  funnels  have  been  taken  into  use,  the  amounts  of 
Y  in  the  first  and  in  the  second  funnel  is  already  negligible  (2-20  and  30.2“ 20 
of  the  original  amounts,  respectively).  Now  this  means  that  essentially  the 
same  separation  can  be  attained  by  taking,  for  instance,  only  nine  funnels 
and  using  the  first  as  the  tenth  and  the  second  as  the  eleventh  funnel.  Al¬ 
though  the  number  of  successive  operations  performed  to  effect  a  high  de¬ 
gree  of  separation  may  increase,  the  number  of  equilibrations  that  have  to 
be  carried  out  in  each  of  these  successive  steps  may  remain  relatively  small, 
because  for  the  “front”  funnels  the  equilibrations  become  useless.  In  terms 
of  chromatography  this  fact  signifies  that  in  a  column  with  a  very  large 
number  of  plates,  only  those  plates  where  solute  is  present  contribute  to 
the  separation.  This  is  one  of  the  reasons  why  the  number  of  plates  re¬ 
quired  to  effect  a  chromatographic  separation  is  considerably  larger  than 

the  number  of  plates  in  countercurrent  continuous  distillation  (see  van 
Deemter  et  al.1). 

Distribution  with  Continuous  Flow  ( Poisson  Type).  An  important  differ- 
ence  between  a  Craig  separation  and  a  separation  by  chromatography  is 
that  the  former  operates  with  intermittent  flow,  whereas  in  the  latter  the 
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f  igure  4.11.  Distribution  of  a  substance  over  11  stages 
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Figure  4.12.  Three  successive  absorption  vessels. 


flow  is  uninterrupted.  This  aspect  has  been  discussed  by  Glueckauf7  and  by 
Klinkenberg  and  Sjenitzer11. 

A  procedure  taking  continuous  flow  into  account  and  approaching  gas- 
liquid  chromatography  very  closely  will  now  be  described. 

In  Figure  4.12,  three  successive  absorption  vessels  out  of  a  series  of 
n  +  1,  (ordinal  numbers  0,  1  •  •  •  n)  have  been  drawn.  The  distribution 
procedure  consists  in  introducing  a  volatile  solute  into  vessel  zero,  where 
it  dissolves  in  a  nonvolatile  liquid  which  is  present  there  and  exerts  a  vapor 
pressure  above  it.  A  constant  flow  of  a  gas,  not  soluble  in  the  liquid,  is 
passed  through  the  vessels  and  carries  the  vapors  above  the  liquid  from 
one  vessel  to  another. 

In  this  procedure  it  is  assumed  that: 

(1)  The  volume  of  the  inert  gas  phase  Va  and  the  volume  of  the  non¬ 
volatile  liquid  VL  is  the  same  in  each  vessel;  further,  that  these  volumes  re¬ 
main  constant  during  the  stripping  process. 

(2)  Each  vessel  acts  as  an  ideal  plate,  i.e.,  the  two  phases  are  in  equi¬ 
librium  at  any  moment. 

(3)  The  equilibrium  may  be  represented  by 

Xl.v  =  kXo.p  (y) 


where  XL.P  is  the  concentration  of  the  solute  in  the  liquid  phase  of  vessel 
p  and  Xo.p  is  the  concentration  of  the  solute  in  the  (inert)  gas  phase  o 
vessel  v ■  The  concentrations  are  expressed  in  units  of  volume  of  the  phases. 
k  is  a  constant,  the  equilibrium  constant  of  the  solute.  (A  constant  k  de¬ 
notes  that  the  distribution  isotherm  is  linear.) 

A  volume  dV  of  gas  that  is  transferred  from  vessel  p-l  into  p  carr 
with  it  the  amount  Xa.(P.»dV  of  the  solute;  an  equal  volume  dF carries 
the  amount  XG  vdV  of  the  solute  from  p  into  p  +  1.  As  Xa.{p-v  ^  Aa.P 
solute  content  of  p  has  altered;  the  concentration  in  the  liquid  phase  has 
changed  by  dxj,  that  in  the  gas  phase  by  hence  the  amount  of 

solute  in  gas  and  liquid  phase  by  VL-dXL.v  and  Va.d  a.P,  P 
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The  conservation  of  mass  requires: 

(Xa.(p-i)  —  Xa.p)  dV  =  VadXa.p  +  VLdXL.P 
Elimination  of  XL.V  from  (7)  and  (8)  gives: 


dXa.p  A  G.(p-i)  Xa.p 

dV  V a  4"  kV l, 


(8) 

(9) 


If  solute  is  initially  present  in  the  first  vessel  only,  with  a  concentration 
Xa.0  in  the  gas  phase  (and  consequently  XL.0  in  the  liquid  phase)  the  solu¬ 
tion  of  (9)  reads 


with 


Xa.p  —  Xa-o 


—v  V 

e  .v 


V\ 


(10) 


v  = 


V 


VQ  4-  kV i 


as  may  be  verified  by  differentiation.  The  amount  of  solute  introduced 
into  the  first  vessel  is  equal  to 


Va.Xa.o  “I-  Vl,Xl.0  —  Xa.oiVa  H-  kV l) 


(ID 


Vo  +  kV l  is  termed  the  “effective  plate  volume”. 

With  the  aid  of  Equation  (10)  the  situation  in  each  vessel  can  be  calcu¬ 
lated  after  an  arbitrary  “volume”  v  has  passed  through  [V  =  v(Va  +  kVL)]. 

In  Figure  4.13  the  quantity  xp  =  Xa.p/Xo.0  has  been  plotted  against  v 
for  various  relatively  small  values  of  p .  (Observe  that  xp  and  v  are  dimen¬ 
sionless  parameters.)  A  family  of  curves  is  obtained  which  all  have  a  maxi¬ 
mum  and  two  inflection  points  (except  for  p  =  0).  The  peak  maximum  is 
situated  at  v  -  p,  the  inflection  points  at  v  =  p  —  \/p  and  v  =  p  +  WV. 
The  inflection  tangents  intersect  the  horizontal  axis  in  two  points  v  =  p  -f 

±  2  y  p.  The  peak  width  w  will  be  defined  as  the  distance  between  these 
two  points;  w  —  4\/p.  The  peak  maximum, 


xp  (max.)  = 


e  p.pp 
pi 


Craig  s  distribution,  as  we  have  seen  is  of  the  binomial  type,  whereas  the 
nbution  obtained  with  continuous  flow  is  of  the  Poisson  type. 

hv  „  r  fficlenfcly  larfe  values  of  P  both  distributions  may  be  approximated 
Variance  is  the  square  of  the  standard  deviation  <r. 
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the  same  amounts  of  the  two  phases  in  the  plates  and  with  the  same 
throughput,  differ.  For  the  ratio  of  the  variances  they  find 

a  binomial  _  -  Vo 

<r2poisson  V  a  +  kV  L 

The  formulas  derived  for  the  history  of  a  solute,  introduced  into  vessel 
zero,  during  its  passage  through  a  series  of  absorption  vessels,  immediately 
also  apply  without  restriction  to  chromatographic  columns,  which  are  then 
conceived  as  built  up  of  a  large  number  of  discrete  plates,  and  where  the 
amount  of  solute  is  so  small  that  it  can  be  introduced  into  the  first  plate. 

If  the  total  number  of  plates  of  such  a  column  is  n  1,  then 

,  -  Cl  (10a) 

i 

n! 


represents  the  equation  of  the  elution  curve  and 


xn  = 


n 

e  .n 


n\ 


(10b) 


is  the  peak  maximum  which  is  reached  at  v  =  ».  This  sigmfies  that  the 
maximum  of  the  elution  curve  breaks  through  after  a  volume  of  the  mobile 
phase  equal  to  n  times  the  effective  plate  volume  has  passed  through 
column  This  volume  is  called  the  retention  volume  vs  or  V„ 


T/_  =  r,(V„  A-  kVi.) 


(see  also  Figure  1.4). 
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For  large  values  of  n,  nV a  is  the  gas  hold-up  of  the  whole  column,  nV  l 
is  the  liquid  hold-up  of  the  column.  The  apparent  retention  volume  defined 
in  Chapter  1  is  VR  -  nVo  =  k.nVL  .  The  initial  and  final  retention  volumes 
are  found  by  adding  or  subtracting  2  \/n  (half  the  peak  width)  from  the 
retention  volume  ( vR )  referred  to  the  peak  maximum. 

Calculation  of  Number  of  Plates.  With  the  aid  of  the  formulas  just  de¬ 
rived  the  number  of  plates  for  a  given  column  can  be  calculated  from  the 
elution  diagram.  This  diagram  is  a  plot  of  concentration  against  time.  (The 
deflection  of  the  recorder  is  assumed  to  be  proportional  to  the  concentra¬ 
tion.)  Distances  on  the  recorder  chart  are  conveniently  measured  in  milli¬ 
meters  or  inches.  At  a  constant  gas  flow  rate  and  constant  speed  of  the 
recorder  the  distances  along  the  base  line  on  the  chart,  under  constant  con¬ 
ditions,  are  proportional  to  the  volumes  passed  through.  For  many  pur¬ 
poses,  for  instance  for  the  determination  of  the  number  of  plates,  it  is  not 
necessary  to  convert  the  distances  on  the  chart  to  amounts  of  gas. 

If  we  denote  the  distance  between  the  injection  point  and  the  projection 
of  the  peak  maximum  on  the  base  line  by  d  (Figure  1.4),  the  peak  width 
by  w  ( d  and  w  expressed  in  the  same  units),  d  =  c.n  and  w  =  c.4  Vn,  c 
being  the  proportionality  factor.  By  eliminating  c  we  find 


or 


(13) 

Similar  formulas  may  be  derived  for  the  initial  and  final  retention  volumes 
respectively  ’ 


n 


and 


n 


-  ("'  - 2)2 


(13a) 

Limitations  of  the  Theory.  In  principle  the  formulas  are  suitable  for  calcu 

23=  - — *  -  « 

muclTmore  inToS.  In  pr^U^  TT  ^  *>  »e 

rZir  ulrCtleamlt^  Pla{0f  LInhas0tCeen  t 

the  amount  that  can  be  contained 
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number  of  single  plate  chromatograms  start  simultaneously  from  a  series 
of  neighboring  plates.  The  individual  chromatograms  overlap  each  other, 
so  that  the  actual  peak  becomes  broader;  the  single-plate  formulas  then 
do  not  apply  strictly. 

Another  complication  is  the  non-linearity  of  the  distribution  isotherm  at 
higher  concentrations,  a  fact  which  may  cause  the  band  to  become  asym¬ 
metric,  the  front  usually  being  steeper  than  the  rear.  High  concentrations 
occur  particularly  in  the  first  part  of  the  column  when  large  samples  are 
charged.  It  is  clear  that  with  asymmetric  peaks,  owing  to  the  large  amount 
of  column  charge,  the  peak  maximum  is  no  longer  a  true  measure  of  the 
retention  volume. 

There  is  one  quantity  which  is  independent  of  the  sample  volume  in 
cases  where  the  distribution  isotherm  is  linear  or  curves  toward  the  hori¬ 
zontal  axis;  this  is  the  final  retention  volume.*  This  fact  is  understandable, 
because  the  final  retention  volume  refers  to  the  amount  of  gas  needed  to 
wash  the  contents  of  the  first  plate  out  of  the  column.  This  volume  is  inde¬ 
pendent  of  whether  solute  has  been  present  in  the  other  plates  or  not. 

In  a  few  cases  the  initial  retention  volume,  rather  than  the  final  retention 


volume  or  that  referred  to  the  peak  maximum  may  be  constant.  If  the 
isotherm  curves  away  from  the  pressure  axis  and  the  sample  is  not  intro¬ 
duced  instantaneously  as  a  plug,  but  is  gradually  evaporated  into  the  col¬ 
umn,  the  first  amount  of  solute  tends  to  behave  independently  of  the  re¬ 
mainder.  Such  a  case  has  been  observed  by  Dijkstra,  Keppler  and  Schols14. 

The  problem  of  large  samples  is  very  complicated;  it  has  been  tentatively 
treated  by  Glueckauf7  and  by  van  Deemter  et  al.\  In  the  treatment  of  the 
latter  authors,  the  sample  is  taken  to  be  charged  at  a  constant  concentra¬ 
tion  in  the  carrier  gas  during  a  certain  period  of  time;  they  consider  the 
charging  period  as  the  reverse  of  the  washing  period.  The  width  of  a  peak 
is  then  to  an  appreciable  extent  determined  by  the  length  of  the  feed  period. 
In  the  case  of  a  large  number  of  plates  and  small  feed  periods,  these  authors 
showed  that  the  peak  width  is  practically  independent  of  the  feed  period. 
From  their  considerations  it  may  be  assumed  that  if  the  sample  does  not 
exceed  0.5  +  kVL)  it  does  not  affect  the  peak  width. 

\  practical  manner  employed  by  the  present  author  for  avoiding  the 
complication  of  large  samples  is  the  method  of  extrapolation^  ^ero  sam¬ 
ple  volume.”  By  calculating  the  number  of  plates  with  the  aid  of  Equ 
(13a)  and  dividing  the  length  of  the  column  by  this  number  we  obtain 
‘‘effective”  H.E.T.P.  In  very  many  cases  a  plot  of  the  effective  H.  .  .  • 
against  the  sample  size  has  proved  to  be  a  straight >  line  from  winch 
[H.E.T.P.] o  is  foune  as  the  intercept  of  the  axis  in  question.  P  P 

*  If  not  explicitly  stated,  the  charge  of  sample  is  assumed  to  be  instantaneous  as  a 


plug. 


THEORY  OF  CHROMATOGRAPHIC  SEPARATIONS 


115 


also  studied  the  effect  of  sample  size  on  the  number  of  plates.  A  plot  of  his 
data  for  sample  size  against  1/n  also  yields  a  straight  line. 

Separation  in  Linear  Non-ideal  Chromatography.  In  G.L.C.  volatile  ma¬ 
terials  are  separated  by  virtue  of  the  differences  of  their  volatilities  or  of 
their  partition  coefficients.  If  for  two  solutes  A  and  B  the  partition  coeffi¬ 
cients  are  kA  and  kB  (kA  >  kB ),  the  ratio  kA/kB  is  termed  the  “separation 
factor”  or  the  “relative  volatility”;  it  will  be  denoted  by  aA.B  or  by  a  only 
if  no  confusion  is  possible. 

Two  substances  are  more  readily  separated  the  larger  the  value  of  a.  In 
ideal  linear  chromatography  the  requirements  for  separation  can  easily  be 
calculated.  If  a  mixture  of  A  and  B  is  introduced  into  the  top  of  the  col¬ 
umn,  A  will  occupy  a  zone  of  width  wA  and  B  a  zone  of  width  wB  (Figure 
4.14).  separation  is  complete  when  the  zones  have  moved  apart  a  distance 
equal  to  \  {wA  -f-  wB ).  The  length  of  column  required  for  such  a  separation  is 


h(wA  +  wB) 


Kb 


kA  kB 

and  depends  upon  the  width  of  the  bands  introduced. 

In  linear  non-ideal  chromatography  the  state  of  affairs  is  more  compli¬ 
cated  because  of  the  broadening  of  the  bands.  As  this  broadening  is  pro¬ 
portional  to  the  square  root  of  n  and  hence  also  roughly  to  the  square  root 
0  the  distance  travelled  through  the  column,  whereas  the  distance  over 
which  the  centers  of  the  zones  move  apart  is  directly  proportional  to  the 
column  length,  two  substances  having  an  a  differing  from  unity  can  in 
pnnciple  always  be  separated.  If  a  is  close  to  unity  the  number  of  plates 
required  to  eftect  a  desired  degree  of  separation  may  become  excessively 
ge,  m  which  case  columns  of  unpractical  lengths  will  be  required 
Band  broadening  is  also  the  reason  for  which  two  substances  never  can 
be  completely  separated;  zero  concentration  of  the  solute  is  only  reached  at 
an  mffiute  number  of  plates,  i.e.,  in  columns  of  infinite  length.  Compete 

T*lZ\h0reT'  13  n0t  reqmred  in  practice.  Very  high  purities  of 
or^r1fSantiCaa  freqUeD“y  *  ^  a  comparatively  small 

The  requirements  for  an  “analvtical  seDaratinn”  ^ f  „  .  .  , 

■*-  is. “  gr££ 


TOTAL 

SOLUTE 

CONTENT 


A 

A 

• 

B  J 

1 

distance  travelled 


Figure  4,4.  Separation  of  two  solutes;  ideal  ^  chromatography. 
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Figure  4.15.  Definition  of  band  impurity. 


ter  et  al.1.  Glueckauf’s  treatment  of  this  subject7  is  of  a  more  general  nature 
and  will  be  followed  here.  Though  the  mathematics  may  be  slightly  in¬ 
volved,  the  results  can  be  expressed  in  a  very  simple  manner  and  they  are 
of  great  importance  for  the  calculation  of  columns  in  the  case  of  difficult 
separations. 

Figure  4.15  represents  the  elution  curves  of  two  substances  A  and  B ;  the 
bands  refer  to  amounts  of  mA  and  mB  moles  of  A  and  B,  respectively.  The 
purity  of  each  of  the  partially  overlapping  bands  will  depend  upon  the 
point  where  the  cut  is  made.  In  the  figure  the  minor  cut-off  A mB  is  the 
amount  of  substance  B  in  substance  A  and  A mA  the  amount  of  A  in  B. 

A  satisfactory  way  of  making  a  cut  is  that  in  which  the  fractional  im¬ 
purities  of  both  bands  are  equal,  so  that  we  have 

A  mB  A  mA 

va  =  — — - -  =  vb  =  - t — 

mA  —  A  mA  —  A  mB 


where  r,A  and  vb  are  the  respective  fractional  impurities.  For  a  normal 
degree  of  separation  Am*  «  mt-  and  it  follows  that 


Va  ~  Vb 


A mB  __  AmA 
mA  mB 


(14a) 


The  amount  of  substance  in  any  part  of  a  band  can  be  calculated  from  the 
equation  of  the  elution  curve.  For  the  sake  of  convenience  the  equation 


will  be  converted  into  an  error  function. 
As  (max.)  =  ~  ^2^ 
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we  may  write 


e'p-pp  p~  (v\p  _  1 

pi  6  \p)  ~  y/2^ 


o— v  (  V 


(15) 


For  values  of  v  differing  appreciably  from  p,  xp  becomes  very  small. 
(The  whole  elution  curve  is  practically  contained  between  v  =  p  —  2  y/ p 
and  v  =  p  +  2  y/p).  Hence  v  —  p  is  small  compared  with  p.  Substituting 
v  —  p  =  e  in  (15)  we  obtain: 


1 


y/  2t  p 


}  +  i ; 


)' 


For  small  values  of  e/p,  (16)  may  be  further  transformed.  If 

log  f  +  p  log  (l  +  -)  =  -€  +  P  (~  ~  ~ -■ 

\  P /  \p  2  p2 

or,  neglecting  higher  powers  of  e/p. 


log  ^  t  =  e 


—  f  2 


e2/2/> 


2  P 


hence 


(16) 


Xp~y/2^e 

(GlueckauPs7  formula  20  is  equivalent  to 

1 


—  (v— p)2/2p 


OCrj  - 


V2 


,—  (p—v)2/ 2v 


TV 


(17) 


(17a) 


wafir  an*-P  ^V/  been  interchan«ed.  which  is  permissible  for  v  ss  p) 
h  Equation  17  (or  17a)  the  amount  of  solute  contained  in  a  section  of 

the  elution  band  and  hence  AmA  or  Am .  can  be  calculated  by  in  eg" 
The  result  to  which  Glueckauf  •  '  integration. 


arrives  is 


V  = 


with 

wherein 


(°-5  -  j[ 


f(n,  a) 


2vtiathb 
i»i'  +  mB2 

f(n,  a)  =  \/n(ai  —  a~l) 


e-112  dl 


(18) 


Pd 


f(n ,  a) 


-4(2  , 

«  dl  =  erf  [f(n,  «)) 


is  the  error  function. 
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Equation  (18)  is  the  expression  giving  the  relation  between  the  impurity 
of  a  band  17  and  the  number  of  plates  n,  with  the  separation  factor  a  as  the 
parameter.  The  most  practical  way  of  employing  this  formula  is  to  con¬ 
struct  a  graph.  By  using  a  log  probability  scale  for  the  horizontal  axis  and 
a  log  scale  for  the  vertical  axis  a  family  of  parallel  lines  is  obtained.  Such 


n 

n 


"7 w,"z 

Figure  4.16.  Relation  between  number  of  plates  (n),  separation  factor  (a),  and 
fractional  band  impurity  (»?).  (After  E.  Glueckauf). 
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a  graph  has  been  presented  in  Figure  4.16  for  the  case  in  which  mA  =  mB  , 
i.e.,  for  the  separation  of  equal  amounts  of  two  substances.  The  same  graph, 
however,  may  be  employed  if  unequal  amounts  have  to  be  separated,  as 
will  be  shown  later  by  an  example. 

Equation  18  shows  the  unexpected  feature  that  the  impurity  has  a  maxi¬ 
mum  at  mA  =  mB  . 

The  great  practical  importance  of  the  graph  and  the  way  it  is  applied 
will  now  be  demonstrated  by  means  of  an  example.  Suppose  that  two  com¬ 
ponents  A  and  B  having  a  separation  factor  a  =  1.3  and  present  in  the 
molar  ratio  1:9  are  to  be  separated.  What  is  the  number  of  plates  required 
to  effect  a  separation  with  1CT3  (0.1%)  fractional  impurity  in  each  band? 
As  mA  =  0.1  and  mB  =  0.9;  (2 mAmB)/(mA  -f-  mB)  =  0.22.  The  number 
of  plates  required  to  effect  the  separation  is  now  found  by  reading  off  the 
abscissa  at  the  point  Kr3/0.22  ~5x  10“3.  On  the  line  for  a  =  1.3  we  find 
a  point  corresponding  to  approximately  400  plates.  If  A  and  B  had  been 
present  in  equimolecular  amounts,  the  reading  would  have  been  10-3  and 
it  is  found  that  for  a  separation  with  the  same  band  impurity  the  required 
number  of  plates  is  about  600. 


The  giaph  again  shows  that  impossibly  long  columns  are  required  for 
separating  substances  with  a  relative  volatility  close  to  unity.  Substances 
with  about  the  same  volatility  in  the  pure  state  may,  however,  show  a  con¬ 
siderable  relative  volatility  when  dissolved  in  a  more  suitable  stationary 
liquid.  It  is  therefore  always  advantageous  to  search  for  a  stationary  liquid 
giving  a  high  value  (preferably  larger  than  1.1)  for  the  separation  factor 
although  it  may  not  always  be  possible  to  find  one.  Rules  that  may  facili¬ 
tate  such  a  search  will  be  given  in  Chapter  6. 

We  will  now  conclude  this  section  with  an  instructive  comoarison  of  tho 


:>adening  that  occurs  when  an  initially 
’h  a  chromatographic  column.  It  has 
a  band  is  proportional  to  the  scmare 


vjitiundi  ro  tne  square 
a  band  can  be  used  to 
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calculate  the  effective  number  of  plates  which,  together  with  the  column 
length,  gives  the  height  equivalent  to  one  plate. 

The  band  bioadening  effect  can  also  be  approached  from  a  kinetic  angle. 
Such  considerations  may  provide  a  relation  between  the  practical  measure, 
the  H.E.T.P.,  and  the  factors  operative  in  chromatography  that  determine 
the  height  of  a  plate. 

\\  e  have  seen  that  no  broadening  occurs  in  linear  ideal  chromatography. 
The  conditions  to  be  postulated  for  ideal  chromatography  will  first  be 
enumerated.  It  will  then  be  demonstrated  that  these  conditions  involve 
assumptions  that  are  quite  unrealistic.  A  discussion  of  the  effects  of  devi¬ 
ations  from  the  postulated  conditions  will  eventually  lead  to  mathematical 
expressions  for  the  broadening  of  a  band. 

In  ideal  chromatography  the  following  conditions  are  assumed  to  prevail. 

(1)  The  proportion  of  the  two  phases  at  all  points  of  the  column  is  con¬ 
stant. 

(2)  The  flow  of  the  mobile  phase  is  uniform. 

(3)  Molecular  diffusion  of  solute  molecules  (in  longitudinal  direction) 
does  not  occur  in  either  of  the  two  phases. 


MINIMUM  NUMBER  OF 
THEORETICAL  PLATES 


Figure  4.17.  Comparison  of  plates  needed  in  chromatography  and  batch idUtUla- 
tion.  Separation  of  equimolar  mixtures  into  two  fract.ons  of  97.7%  purity.  (After 
v.  Deemter  et  al.). 
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(4)  Equilibrium  between  the  two  phases  is  instantaneous.  Moreover,  in 
linear  chromatography  the  isotherm  is  linear. 

If  we  consider  the  column  in  macroscopical  respect  conditions  (1)  and  (2) 
are  usually  fulfilled.  In  microscopic  respect,  the  condition  of  uniform  flow 
does  not  prevail  in  a  packed  bed.  Firstly,  there  is  a  pressure  gradient  along 
the  length  of  the  column,  as  a  consequence  of  which  the  linear  velocity  of 
the  carrier  gas  used  in  G.L.C.  increases  from  the  column  inlet  to  the  column 
outlet.  This  non-uniformity,  however,  affects  all  solute  molecules  to  the 
same  extent  and  will  hence  not  cause  band  dispersion. 

Secondly,  as  a  result  of  the  presence  of  the  packing,  gas  molecules  travel 
through  the  column  along  many  different  paths.  These  paths  have  some¬ 
what  different  lengths;  furthermore,  the  velocity  is  not  axially  directed  and 
it  also  depends  in  magnitude  on  the  width  of  the  voids  between  the  par¬ 
ticles.  These  effects  cause  the  residence  time  of  gas  molecules  (and  hence 
also  of  solute  molecules  constituting  a  band)  in  the  column  to  spread;  the 
result  is  a  reduction  of  the  peak  height  and  widening  of  the  band.  This 
widening  depends  upon  the  size  of  the  particles  constituting  the  packing, 
their  shape  and  the  regularity  with  which  they  have  been  packed.  This 
mechanism  of  band  broadening  is  termed  11  eddy  diffusion ”  on  account  of  its 
analogy  to  eddy  diffusion  in  turbulent  flow. 

Molecular  diffusion  of  the  solute  molecules  is  superimposed  on  the  forced 
flow  of  the  carrier  gas  and  solute  molecules,  and  its  axial  component  tends 
to  enhance  or  counteract  the  transport  of  solute  molecules.  (The  corre¬ 
sponding  effect  in  the  liquid  phase  is  small  as  compared  to  that  in  the  gas 
phase.)  Molecular  diffusion  is  a  second  mechanism  of  band  broadening. 

The  fourth  condition  finally  requires  instantaneous  equilibrium  or  an  in¬ 
finite  rate  of  mass  transfer  between  the  two  phases.  This  condition  is  not 
realized  at  the  high  rates  of  flow  operative  in  G.L.C.,  although  the  distribu¬ 
tion  of  the  liquid  phase  as  a  very  thin  film  is  an  effective  means  of  enhancing 
the  establishment  of  equilibrium.  A  consequence  of  the  finite  rate  of  mass 
transfer  is  that  solute  molecules  either  fail  to  go  into  solution,  and  then 
travel  somewhat  ahead  of  the  band,  or  are  slow  in  passing  into  the  moving 
p  ase  and  then  lag  behind  the  band.  The  resistance  to  mass  transfer*  is  the 
third  important  factor  causing  band  broadening. 

Longitudinal  Diffusion  as  a  Cause  of  Band  Broadening.  If  there  is  no 
serious  maldistribution  of  flow  through  the  whole  column,  the  effect  of  the 
residual  irregularities  may  be  taken  into  account  by  an  “eddy  diffusion 
coefficient  >  E.  It  should  be  emphasized  that  this  procedure  is  only  per- 
missible  if  the  irregularities  have  a  statistical  character.  The  eddy  diffusiv- 
ity  describes  the  average  effect  over  dimensions  which  are  large 


as  com- 


The  effectiveness  of  mass  transfer  between  thr>  tv™  t,u_  •  ,, 

terms  of  the  H.T.U.-height  of  a  transfer  unit,  H  18  USU& "y  expressed 


in 
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pared  to  particle  size  and  small  as  compared  to  column  diameter  It  has 
proved  convenient  to  relate  the  eddy  diffusivity  B  to  the  particle  diameter 
dp  and  the  linear  gas  velocity  u  in  the  packed  column  by  means  of  a  dimen- 
sionless  parameter  X 


E  =  \udp  (19) 

Under  similar  geometrical  conditions  and  conditions  of  flow  X  is  inde¬ 
pendent  of  particle  diameter  and  flow  rate.  X  may  therefore  be  considered 
as  a  measure  of  packing  irregularities;  the  higher  X,  the  more  irregular  the 
packing. 

There  are  indications  that  regular  packing  is  easier  to  realize  with  large 
than  with  small  particles11.  Values  normally  encountered  are  for  instance 
X  ^  1  for  20-40  mesh  screen  fractions  (particle  diameter  0.8-0.4  mm); 
X  «  3  for  50-100  mesh  (0.3-0.15  mm);  X  ^  8  for  200-400  mesh  (0.07- 
0.04  mm). 

The  effective  longitudinal  diffusivity  De ff.  is  the  sum  of  molecular  and 
eddy  diffusivity: 


Deft.  T-Dgas  “t-  E  "V-Dgas  T  \udp  . 

The  factor  7  is  a  correction  for  the  tortuosity  of  the  channels.  With  in¬ 
creasing  particle  size  7  increases  up  to  a  limiting  value  of  1 . 

Finite  Rate  of  Mass  Transfer  as  a  Cause  of  Band  Broadening.  The  im¬ 
mobile  liquid  in  G.L.C.  is  present  in  the  pores  of  the  supporting  granules. 
It  will,  by  capillary  action,  primarily  accumulate  in  the  smallest  pores  and 
holes  (Figure  4.18).  With  increasing  amounts  of  liquid  larger  pores  also 
become  filled.  During  mass  transfer  between  the  phases  the  molecules  of 
the  transported  component  have  to  travel  by  diffusion  over  a  certain  dis¬ 
tance  dga8  in  the  gas  phase  from  the  interstitial  channels  through  the  un¬ 
filled  pores  to  the  gas-liquid  interface.  The  average  distance  dgaa  is  of  the 
order  of  the  particle  diameter,  or  somewhat  less.  In  the  liquid  phase  the 


DISTANCE  IN 
LIQUID  PHASE 


DISTANCE  IN  CAS  PHASE 
Figure  4.18.  Distances  travelled  by  diffusion. 
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distance  d,iq.  to  be  travelled  by  diffusion  is  equal  to  the  average  length  over 
which  the  pores  are  filled  with  liquid,  duq.  of  course  varies  from  poie  to 
pore;  it  has  proved  to  be  convenient  to  replace  it  by  its  statistical  average 
df  ,  which  will  be  termed  the  effective  film  thickness.  According  to  the 
Einstein  diffusion  equation  the  times  required  for  travelling  these  distances 
in  the  gas  and  liquid  phases,  respectively,  are 


2  Dgaa 


and 


d/ 

2  Duq.' 


In  order  to  decide  in  which  phase  the  mass  transfer  resistance  is  mainly 
located,  the  ratio  of  these  diffusion  times 


D  liq. 

D  gaa 


must  be  considered.  Since  not  much  less  than  about  half  of  the  particle 
volume  is  usually  filled  with  liquid,  it  is  improbable  that  the  average  liquid- 
filled  pore  length  df  is  much  smaller  than,  say,  one  tenth  of  the  particle 
radius,  therefore  (dgaa/df)2  is  of  the  order  of  102,  or  perhaps  103.  The  ratio 
of  diffusion  coefficients  Duq./Dgaa ,  on  the  other  hand,  is  of  the  order  of 
10~4  to  1(T5.  Consequently,  the  diffusion  time  in  the  gas  phase  is  usually 
much  smaller  than  the  diffusion  time  in  the  liquid  phase.  Only  in  the  case 
of  very  small  amounts  of  liquids  is  it  likely  that  the  mass  transfer  in  the 
gas  phase  becomes  of  importance. 

The  approach  to  equilibrium  will  now  depend  upon  the  diffusion  time  in 
the  liquid,  the  gas  velocity  and  the  equilibrium  distribution  between  the 
phases.  The  equilibrium  is  more  closely  approached  if  the  gas  velocity  and 
the  diffusion  time  in  the  liquid  are  small. 

The  above  considerations  can  be  given  a  more  or  less  quantitative  ex¬ 
pression.  The  problems  in  question  have  been  approached  in  two  ways 
both  leading  to  the  same  results. 

Klinkenberg  and  Sjenitzer11  followed  a  statistical  approach.  These 
authors  discuss  the  history  of  a  peak  load  of  a  sample  introduced  into  the 
cdumn  and  the  resulting  distribution  of  the  sample  components  in  the 
effluent.  They  observe  that  this  distribution  often  can  be  approximated  by 
a  Gaussian  probability  curve  around  a  mean  value  and  they  analyze  the 
various  mechanisms  that  give  rise  to  such  Gaussian  curves.  As  Klinkenberg 
and  Sjenitzer  point  out,  however,  there  are  methods  of  deriving  the  GauSS 

br? on  the  generai  z :z 

a  ttmr  a  “  oTthesdandard 
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It  is  also  possible  that  various  mechanisms  operate  independently  at  the 

same  time.  In  that  case,  the  squares  of  a/n  due  to  the  individual  mecha¬ 
nisms  must  be  added. 

According  to  the  results  of  Klinkenberg  and  Sjenitzer,  it  now  becomes 
possible  to  express  the  height  of  a  theoretical  plate  as  the  sum  of  a  number 
of  contributing  terms,  one  of  which  is  proportional  to  D/u  and  accounts 
for  molecular  diffusion,  the  second  being  proportional  to  u  and  accounting 
for  finite  rate  of  mass  transfer,  while  the  third,  accounting  for  eddy  diffu¬ 
sion,  is  independent  of  u.  The  derivation  of  the  expression  involves  a  fair 
amount  of  statistical  mathematics  and  will  not  be  gone  into  here. 

The  van  Deemter  Equation  for  the  H.E.T.P.  The  second  method  of  ap¬ 
proach  was  followed  by  van  Deemter,  Zuidenveg  and  Klinkenberg1.  These 
authors  demonstrate  that  the  diffusional  effects  may  be  described  by  two 
differential  equations  for  the  material  balance  in  each  of  the  phases.  The 
derivation  of  these  equations  and  the  meaning  of  the  terms  occurring  in 
them  may  be  understood  by  referring  to  Figure  4.19,  in  which  the  transport 
phenomena  occurring  in  a  small  section  of  the  column  are  represented 
schematically. 

If  gas  passes  through  a  section  of  height  Ax,  it  takes  with  it  the  solute 
in  a  concentration  Cga s  by  convection.  The  amount  transported  by  diffusion 
in  the  gas  phase  (in  longitudinal  direction)  is  proportional  to  the  concen¬ 
tration  gradient  dCga8/d.c.  Through  the  top  layer  of  the  section,  similar 
transports  take  place,  but  with  a  different  value  of  the  concentration  (viz. 
Cga8  +  AC gaa)  and  a  different  concentration  gradient. 

GAS  LIQUID 
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The  amount  of  solute  transported  by  mass  transfer  to  or  from  the  liquid 
is  proportional  to  the  difference  (CW  -  kCgaB)  as  a  driving  force  (k  is  the 
distribution  coefficient).  As  the  result  of  transport  by  convection,  diffusion 
and  mass  transfer,  the  concentration  and  amount  of  solute  in  the  section 
has  changed.  For  the  gas  phase  the  material  balance  requires: 


77 1  dC^SLS  r\  1?  ^  C^gas 

Fg*a  ~dT  ~  Detf  tgaB 


Change  in 
the  amount 
of  the  com¬ 
ponent  in 
the  section 
Ax. 


Amount  of  com¬ 
ponent  trans¬ 
ported  by  lon¬ 
gitudinal  dif¬ 
fusion. 


—  uF 


dCt 


gas 


gas 


dx 


T*  aCCliq.  CgtLs/k) 


Amount  of 
component 
transported 
by  convec¬ 
tion 


Amount  of  compo¬ 
nent  transported 
by  mass  transfer  to 
or  from  the  liquid. 


(20) 


For  the  corresponding  phenomena  in  the  liquid  phase  the  equation  reads: 


Fu,.  ^  =  a{Cm/k  -  CUJ 

dt 


(21) 


mass  transfer 


In  these  equations  the  concentrations  CgaB  and  Cnq.  are  expressed  in 
suitable  units  per  unit  of  volume  (mol/cm3  for  instance),  so  that  the  diffu¬ 
sion  can  be  described  as  simply  as  possible.  The  distribution  coefficient  k 
refers  to  the  same  units.  F iiq.  and  Fgas  are  the  volume  fractions  of  liquid 
and  gas  in  the  column,  a  is  the  mass  transfer  coefficient;  according  to  van 
Deemter  et  al.  the  latter  is  given  by 


_ 7T  Fliq.Fga8 

4  '  <% 

which  is  the  inverse  of  the  diffusion  time  in  the  liquid  layer  df  . 

It  can  be  shown  that  the  solution  for  a  single  peak  may  be  approximated 
by  a  Gaussian  curve  of  the  same  type  as  results  from  the  plate  theory. 
The  use  of  the  latter  theory  is  now  in  fact  justified,  since  both  theories  lead 
to  essentially  the  same  mathematical  expression.  Furthermore,  a  com¬ 
parison  of  the  two  expressions  yields  the  relation  between  the  H.E.T.P. 

and  the  diffusional  effects.  This  expression,  which  forms  the  basis  of  our 
further  considerations,  reads: 


H  =  2\dp  +  2  _u  d) 

u  tt2(1  +  A;')2  Z)liq.  u 

H.E.T.P.  longitudinal  non-equilibrium 

diffusion  effect 

(eddy)  (molecular) 


(22) 
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This  result  is  the  same  as  that  arrived  at  in  the  statistical  tre^tfem  ont 
Kiinkenberg  and  Sjenitzer.  As  already  stated,  the  H.E.T.P.  is  composed  of 
three  terms,  the  first  and  the  second  constituting  the  contributions  of  axial 
(eddy  and  molecular)  diffusion,  the  third  term  representing  the  contribution 
due  to  the  resistance  to  mass  transfer.  For  small  values  of  the  gas  flow  rate 
u  the  H.E.T.P.  is  mainly  determined  by  the  second  term;  in  the  case  of 

H.E.T.P 


Figure  4.20.  Analysis  of  H.E.T.P.  ( H  =  0.1  +  OA/u  +  0.05u). 
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very  low  gas  velocities  the  H.E.T.P.  may,  in  other  words,  become  very 
large  (and  the  number  of  plates  for  a  given  column  length  correspondingly 
low)  owing  to  the  molecular  longitudinal  diffusion.  This  influence  becomes 
negligible  for  large  values  of  u,  in  which  case  the  H.E.T.P.  may  become 
large  as  a  consequence  of  the  resistance  to  mass  transfer.  Somewhere  in 
between  the  H.E.T.P.  has  a  minimum;  the  molecular  diffusion  term  and  the 
mass  transfer  term  have  equal  values  at  this  minimum.  Particularly  in  the 
vicinity  of  the  minimum  the  term  2 \dp  may  play  an  important  role.  This 
term,  the  contribution  by  eddy  diffusion,  is  a  characteristic  of  the  column 
packing,  particle  diameter  and  packing  irregularities. 

In  the  mass  transfer  term 

8  k'  d) 

_ _ _ I _  7/ 

7 T2  (1  +  k')2  -Dliq.  ’ 

the  factor  k'  is  given  by  k(Fnq./Fgaa).  Hence,  this  term  depends  upon  the 
distribution  coefficient  k,  which  is  a  function  not  only  of  the  stationary 
liquid,  but  also  of  the  components  to  be  separated  and  the  temperature  at 
which  the  column  is  operated.  It  follows  that  the  number  of  plates  is  not  a 
characteristic  of  the  column  packing  only.  It  depends  also  on  the  operating 
conditions  and  on  the  solutes;  under  the  same  set  of  conditions  different 
numbers  of  plates  are  found  for  different  solutes. 

A  plot  of  H  against  u  and  a  similar  plot  of  H  versus  1/u  for  arbitrary 
values  of  the  parameters  (Figures  4.20  and  4.21)  show  two  curves  with  a 
minimum  and  (for  high  values  of  u  and  1/u,  respectively)  an  approximately 
straight  part.  In  both  cases  the  intercept  of  the  “straight”  part  on  the  H 
axis  is  equal  to  2 \dp  ,  so  that,  if  dv  is  known,  X  can  be  calculated  and  a 
measure  of  the  packing  regularity  is  obtained.  From  the  slope  of  the 
straight  part  of  the  H-u  curve  the  film  thickness  df  can  be  estimated  if 
Diiq.  and  k'  are  known. 

From  the  theories  outlined  in  this  chapter  it  is  possible  to  draw  important 
conclusions,  for  instance  as  regards  the  improvement  of  column  efficiencies, 
the  choice  of  the  proper  operating  conditions,  the  velocity  of  the  mobile 
phase,  and  the  length  of  the  column.  Before  doing  so  it  will  be  necessary  to 
discuss  in  some  detail  the  properties  of  the  mobile  phase  (the  carrier  gas) 
and  those  of  the  stationary  phase  (the  support  and  the  solvent).  These  sub¬ 
jects  will  be  dealt  with  in  Chapters  5  and  6. 

List  of  Important  Formulas  for  Linear  Non-ideal  Chromatography 
(see  list  of  symbols  on  page  ix.) 

Elution  curve: 


xp 


p\ 


p 


(10) 
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Peak  maximum: 


xp  (max.) 


e  ppp 
pi 


(11) 


Peak  width  at  base:  w  =  4\/p 
Inflection  points:  at  v  =  p  ±  \/p 

Base  line  intercepts  of  inflection  tangents:  v  =  p  +  1  ±  2\/p 
The  above  formulas  apply  to  any  value  of  p  (o  ■  ■  •  n).  For  p  =  n  the  for¬ 
mulas  refer  to  the  elution  curve. 

Retention  volumes:  vR  =  n  VR  =  n(VG  +  kVL) 

Apparent  retention  volume:  V'R  =  nkV L 

Initial  and  final  retention  volume:  VRl  F  =  n(Va  -f  A:7L)(1  +  2  yn) 
Gas  hold-up  (Fgas)  and  liquid  hold-up  (Fnq.)  of  column:  nV a  and  nVL 
Number  of  plates: 


alternatively: 


n  = 


n 


H.E.T.P.  =  L/n 

Definition  of  small  sample*:  <0.5 \/n  (V0  +  kV L ) 
For  large  values  of  p: 


e  y  ^  1  (v— p)2/2p 

Pi  ~V2 Vp 


(17) 


van  Deemter  equation: 


H  =  2 \dp  +  2 


7  D 


gas 


U 


+  1 
*  O 


k' 


d r 


t r2  (1  +  k')2  Du 


u. 


>q 


(22) 
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Chapter  5 

THE  MOBILE  PHASE  IN  GAS-LIQUID 
CHROMATOGRAPHY 

Introduction 

'  In  previous  chapter,  while  discussing  the  theories  on  the  separation 
effected  by  a  G.L.C.  column,  we  have  seen  that  phenomena  caused  by  (or 
occurring  in)  the  moving  gaseous  eluent  play  an  all-important  part.  The 
phenomena  in  question  have,  however,  so  far  only  been  dealt  with  very 
generally.  Several  points  arising  in  this  connection  must  now-  be  discussed 
in  greater  detail.  These  points  are  mainly  contained  in  the  following 
questions  that  might  be  asked: 

(1)  Is  it  immaterial  what  kind  of  carrier  gas  is  used? 

(2)  The  velocity  of  the  carrier  gas  has  proved  to  have  an  important  in¬ 
fluence  on  the  efficiency  of  the  column.  What  are  the  results  of  the  fact 
that  this  velocity  varies  along  the  length  of  the  column,  owing  to  the  re¬ 
sistance  of  the  packing  and  the  compressibility  of  the  gas? 

(3)  Is  the  pressure  level  at  wrhich  a  certain  (average)  gas  velocity  is  es¬ 
tablished  of  importance? 

In  partition  chromatography  with  elution  development  the  ideal  state 
of  affairs  is  for  the  eluent  to  be  a  good  solvent  for  the  components,  but 
it  should  be  insoluble  in  the  stationary  phase.  The  latter  condition  (which 
is  usually  far  from  being  satisfied  in  L.L.C.)  has  been  assumed  to  be  ful¬ 
filled  in  G.L.C.  Fortunately  this  assumption  is  very  close  to  the  truth:  the 
carrier  gases  mostly  used  in  G.L.C. — nitrogen,  carbon  dioxide,  hydrogen 
and  helium — are  almost  completely  insoluble  in  the  normal  types  of  sta¬ 
tionary  liquids. 

In  their  primary  function— the  transport  of  a  band  through  the  column— 
the  four  gases  mentioned  above  are  therefore  entirely  equivalent.  The 
conclusion  should  not,  howrever,  be  drawn  that  it  is  indiffeient  which  gas 
is  used.  Secondary  physical  effects  must  be  considered:  the  gases  have  dif¬ 
ferent  viscosities  and  thus  give  rise  to  different  pressure  gradients  in  the 
column;  diffusion  effects  also  vary  from  gas  to  gas.  These  factors  will  be 
dealt  with  later  in  this  chapter. 

Another  difference  of  practical  importance,  which  has  already  been  dis¬ 
cussed  in  Chapter  3,  lies  in  the  fact  that  the  response  of  the  detector  em- 
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ployed  and  the  interpretation  of  this  response  may  be  dependent  on  the 
carrier  gas  chosen.  This  matter  will  not  be  further  considered  here.  ' 

Effects  of  the  Compressibility  of  the  Carrier  Gas 

In  any  form  of  chromatography  a  pressure  gradient  is  required  to  move 
the  mobile  phase  through  the  column.  In  gas  chromatography  (as  opposed 
to  L.L.C  and  L.S.C.)  the  mobile  phase  is  readily  compressible.  Conse¬ 
quently  the  linear  velocity  of  the  carrier  gas  increases  along  the  column 
from  the  high  pressure  end  to  the  low  pressure  end.  The  same  applies  to  the 
rate  of  transport  of  a  volatile  component,  which  is  proportional  to  the  rate 
of  the  carrier  gas.  A  single  figure  for  the  gas  velocity  (as  usually  reported 
in  chromatography)  therefore  provides  an  inadequate  description  of  the 
prevailing  conditions. 

In  order  to  describe  the  actual  distribution  of  gas  velocities  in  the  column 
we  must  consider  the  flow  of  a  gas  through  a  packed  bed.  Though  the  theory 
of  this  mechanism  is  complicated  in  a  general  sense,  a  chromatographic 
column  represents  a  simple  case — as  was  pointed  out  by  James  and  Martin1 
—since  the  macroscopic  flow  may  be  regarded  as  unidirected  and  laminar. 

The  pressure  gradient  in  the  column  results  from  two  factors:  the  dy¬ 
namic  viscosity  (77)  of  the  gas  and  the  resistance  to  flow  afforded  by  the 
packing.  Instead  of  the  “resistance,”  it  is  preferable  to  introduce  the 
concept  of  “permeability”  *( K). 

Let  us  consider  a  packed  column,  as  depicted  in  Figure  5.1,  of  length  L, 
through  which  gas  is  passing  in  unidirectional  laminar  flow.  At  any  point  (z) 
the  linear  gas  velocity  ( u )  in  the  cross-sectional  area  (a)  occupied  by  the 
gas  phase  is  inversely  proportional  to  the  dynamic  viscosity  77  (which  is 
nearly  independent  of  pressure)  and  directly  proportional  to  the  pressure 
gradient  dp/dx,  the  proportionality  factor  being  the  permeability. 


u 


K  dp 

77  dx 


(1) 


(The  negative  sign  is  due  to  the  fact  that  the  direction  of  u  is  opposed  to 
that  of  increasing  pressure  p.) 

By  a  development  of  this  equation  we  can  calculate,  for  any  point  in  the 
column  the  pressure  and  rate  of  flow,  expressed  in  the  quantities  that  are 
observed  in  practice:  the  pressures  Vi  and  p0  at  the  inlet  and  outlet  re¬ 
spectively,  and  the  volume  Vt  of  gas  (converted  if  necessary  to  the  tem¬ 
perature  prevailing  in  the  column)  emerging  from  the  outlet  in  unit  time. 
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Figure  5.1.  Distribution  of  pressures  and  gas  velocities  in  a  packed  column. 

If  rj  is  know  n  the  equation  further  allows  us  to  calculate  K ,  a  quantity  that 
can  be  used  for  characterizing  the  column  packing. . 

In  the  case  of  isothermal  flow  (a  condition  which  can  be  assumed  to  pre¬ 
vail  in  gas  chromatography)  of  an  ideal  gas  the  volumetric  throughput 
a.u  is  inversely  proportional  to  the  pressure: 


a.u.p  =  a.u0.po 

which  is  more  conveniently  written  as: 


a.u 


Vt-Po 

V 


From  Eqs.  (1)  and  (2)  it  follows  that 


(2) 


V  tPo.dx  =  —  a  —  p.dp  (3) 

v 

By  integration,  and  by  putting  p  =  p,  when  x  =  0,  this  becomes: 

VtPoX  =  ^  —  {pi  -  v) 

2  rj 

When  x  =  L,  p  =  pQ  and  we  obtain 

VtpoL  =  ha  -  •  (; Vi  ~  Vo) 

v 

Elimination  of  K/ij  from  Eqs.  (4)  and  (5)  gives 

x  Pi  -  p2  =  (; Vi! Vo )2  ~  (v/Po)2 
L  ~  pi2  —  Po2  ( Pi/VoY  ~  1 

This  equation  enables  us  to  calculate  p  at  any  place  in  the  column  foi 
any  values  of  p,  and  p0 .  It  is  instructive  to  draw  a  graph,  based  on  Equation 
(6),  in  which  the  pressure  ratio  p/p0  is  plotted  against  the  relative  distance 
x/L  from  the  inlet.  This  has  been  done  in  Figure  5.2,  with  various  values  of 


(4) 

(5) 

(6) 
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pjp.  as  parameter.  Since  uju  =  p/p.  the  expression  (6)  can  also  be  used  to 

construct  similar  curves  for  u/u.  against  x/L  with  p,/p.  as  parameter,  as 

given  in  Figure  5.3.  „  „  .  ,  A 

It  will  be  seen  from  these  graphs  that  the  pressure  falls  off  slowly  and 

almost  proportionally  in  the  first  part  of  the  column,  but  more  rapidly  to¬ 
ward  the  outlet.  The  increase  in  gas  velocity  shows  a  corresponding  trend. 
The  bend  in  the  latter  curves  becomes  very  abrupt  for  high  ratios  of  the 
inlet  and  outlet  pressures.  As  has  been  shown  in  Chapter  4,  the  effi¬ 
ciency  of  a  column  has  an  optimum  corresponding  to  a  certain  gas  velocity , 
so  that  in  the  case  of  high  pressure  ratios  a  part  of  the  column  may  operate 
very  inefficiently.  It  should,  however,  be  observed  that  with  a  proper  choice 
of  gas  velocity  the  inefficient  part  constitutes  only  10  to  20  per  cent  of  the 
whole  column  length.  Hence  it  follows  that  the  consequences  of  using,  for 
instance,  low  outlet  pressures  and  correspondingly  high  p</p*  ratios  need 
not  necessarily  affect  the  column  efficiency  seriously.  Great  care  must 
nevertheless  be  taken,  as  will  be  shown  further,  to  insure  that  the  velocity 
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Figure  5.3.  Plot  of  u/u0  against  x/L  with  Pi/p0  as  parameter. 


of  the  gas  at  the  exit  is  such  that  the  main  part  of  the  column  is  actually 
operating  in  the  region  of  efficient  gas  rates. 

For  values  of  Pi/p0  close  to  1,  say  less  than  1.5,  the  pressure  gradient 
may  be  considered  as  constant  without  introducing  a  serious  error. 

The  compressibility  of  the  moving  phase  naturally  also  affects  the  re¬ 
tention  volumes  in  gas  chromatography.  Fortunately,  the  conversion  of  the 
measured  retention  volumes  to  standard  conditions  presents  no  difficulties. 
A  derivation  of  the  required  formula  has  been  given  by  James  and  Martin1. 
The  derivation  that  will  be  given  here  requires  the  introduction  of  a  few 
simple  concepts. 

The  Average  Pressure  in  the  Column 

As  the  pressure  is  not  a  linear  function  of  x,  the  average  column  pressure 
differs  from  the  arithmetic  mean  of  inlet  and  outlet  pressures;  for  high 
values  of  Pi/p0  it  may  be  considerably  higher. 

The  average  column  pressure  p  is  defined  as 


(7) 


V 


by  substituting 
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from  Eq.  (3)  and  carrying  out  the  integration  between  the  limits  of  p  pc 
and  p  =  Vo  we  find: 


V  = 


2  (; Vi/Pof  ~  1 

*V°  (Pi/P.)*  -  1 


(8) 


(It  can  easily  be  shown  that  it  is  only  permissible  to  replace  p  by  \  ( p%  +  Po) 
for  low  Pi/p0  ratios,  say  less  than  1.5;  at  this  value  of  Pi/p0  the  error  be¬ 
comes  less  than  1^  per  cent  of  p0.) 


Residence  Time  of  the  Carrier  Gas 

If  Egas  (  =  aL)  is  the  volume  occupied  in  the  column  by  the  gas  phase 
and  ,  as  before,  is  the  volume  of  gas  emerging  from  the  column  in  unit 
time,  then,  for  a  noncompressible  moving  phase,  the  average  residence  time 
of  a  molecule  of  the  carrier  gas  in  the  column  would  be  t0  =  VgaB/Vt  . 
If  further  the  pressure  p  prevailing  inside  the  column  is  different  from  the 
pressure  pQ  at  the  outlet  (where  V t  is  measured)  the  average  residence 
time  is 


tg 


Fgas  P 

~V7  ’  Vo 


(9) 


Because  of  the  compressibility  of  the  gas,  p  changes  continuously,  but  it 
can  be  shown  that  it  may  be  replaced  by  p,  since 


to  — 


From  Eqs.  (8)  and  (9)  it  follows  that 


pL  =  paL  =  pV gas 
uop0  p0au0  p0Vt 


/  _  2  Fgas  (Pi/Po)  1 

‘  ~  *  FT  '  (Pi/PoY  -  l 

Retention  Volume 


(10) 


In  G.L.C.  a  constant  proportion  has  been  assumed  between  the  rate  of 
movement  of  a  volatile  solute  and  the  rate  of  movement  of  the  carrier  gas. 
Consden,  Gordon  and  Martin2  have  introduced  the  retardation  factor, 
Rf,  to  denote  this  transport  ratio  under  the  prevailing  circumstances: 


rate  of  movement  of  the  solute 
rate  of  movement  of  the  fluid 


The  slower  rate  of  movement  of  the  solute  relative  to  that  of  the  carrier 
gas  causes  the  average  residence  time  of  a  solute  molecule  to  be  l/R,  times 
the  average  residence  time  of  a  carrier  gas  molecule.  The  average  volume 
*  0f  camer  required  to  transport  a  solute  molecule  through  the  col¬ 
umn  (corresponding  to  the  volume  required  to  transport  the  centre  of  a 
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solute  band),  hence  will  be: 


Vr  —  Vttg/Ry 

Substituting  tg  from  Eq.  (10)  we  obtain: 


(11) 


v  =  -  ^gaa .  (pi/p<>y  —  i 

Rr  ( Pi/Po)2  —  1 


(12) 


The  limit  to  which  VR  approaches  when  p,  approaches  p0  (i.e.,  when  the 
pressure  differential  tends  to  zero)  may  be  termed  the  “limiting  retention 
volume”  V R°. 

In  that  case  the  quotient 


so  that 


( Pi/Po f  ~  1 

(Pi/PoY  -  1 


becomes 


TV  =  ^  (13) 

It  p 

and  we  may  write 

Y±  =  i  (Pi/Po)3  ~  1  =  P_  /14n 

TV  3  '  ( Pi/Po )2  -  1  Po  K  } 

In  this  manner  James  and  Martin  ( loc .  cit.)  expressed  the  actual  retention 
volume  for  an  outlet  pressure  p0  in  terms  of  the  limiting  retention  volume 
at  the  average  column  pressure. 

For  large  pressure  differentials  ( Pi/pa  say  >5)  Eq.  (14)  gives 

v  /v 

V  R/  V  R  ' — '  3  —  ) 

Po 

while  for  small  pressure  differentials  (pi/p0  say  <  1.5), 

y  /y  0  ^  Pi  P° 

Vr/Vr  ~  2po  . 

The  Permeability  of  the  Column 

The  pressure  differential  to  be  applied  across  the  column  in  order  to  pro¬ 
duce  the  desired  carrier  gas  velocity  depends,  as  we  have  seen,  on  the  vis¬ 
cosity  of  the  gas,  the  length  of  the  column  and  its  permeability.  It  is  ob¬ 
vious  that  the  permeability  of  a  column  will  increase  as  the  diameter  of  the 
particles  constituting  the  packing  increases.  For  the  present  purpose  it 
will  not  be  necessary  to  discuss  this  relation  in  detail.  From  chemical  engi¬ 
neering  studies  on  fluid  flow  in  a  packed  bed  (Kozeny,  Carman,  Ergun, 
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Rose3)  it  is  found  that  K  can  be  expressed  by  a  relation  which  we  will  write 
in  the  following  form: 


K  =  i  -f(')-dp2 


(15) 


in  which: 

dp  is  a  measure  of  the  “diameter”*  of  the  particles; 

C  is  a  factor  depending  on  the  shape  of  the  particles,  but  varying  only 
between  narrow  limits; 

e  is  the  fractional  void  volume  of  the  packing  (porosity). 

It  follows  that  if,  for  fractions  of  progressive  particle  size  of  a  particular 
type  of  packing,  we  assume  that  C  and  e  are  constants,  K  must  be  propor¬ 
tional  to  the  square  of  the  particle  diameter. 

A  test  of  this  relation  has  been  carried  out  by  the  writer  on  a  number  of 
screen  fractions  of  Sterchamol  support,  impregnated  in  each  case  with  30 


Table  5.1.  Values  of  K  Found  for  Various  Particle  Diameters 


Sterchamol  Screen 
Fraction 

Average  Particle  Diameter 
(mm) 

K  X  101  (cm1) 

20/30 

0.715 

48.4 

30/50 

0.444 

16.6 

50/80 

0.237 

4.6 

80/100 

0.163 

2.7 

parts  (wt)  of  a  stationary  liquid  to  100  parts  (wt)  of  support.  Nitrogen 
was  used  as  carrier  gas.  In  each  experiment  the  observations  comprised 
measuring  the  inlet  and  outlet  pressures  p,  and  p0  and  the  volume  Vt  of  gas 
(at  p0 )  in  unit  time,  corrected  for  the  vapor  pressure  of  water  (from  the 
wet  gasmeter)  and  converted  to  column  temperature.  By  employing  Equa¬ 
tion  (5),  K/v  could  then  be  calculated  after  inserting  the  proper  value  of  L 
and  a.  The  latter  figure  was  computed  from  the  volume  and  diameter  of  the 
column,  the  volume  occupied  by  the  support  and  the  volume  occupied  by 
the  stationary  liquid.  The  values  found  checked  very  well  with  the  value 
for  a  obtained  from  the  “retention”  volume  of  a  non-absorbed  gas  (see 
Figure  1.4).  After  multiplication  by  v  (the  known  viscosity  of  nitrogen  at 
e  column  temperature),  K  is  found  (c.g.s.  units  were  used,  K/rj  then  has 
e  dimensions  cm  .g  .  sec.  and  K  the  dimensions  cm2).  In  Table  5  1  the 

values  of  K  so  obtained  are  listed  against  the  screen  fraction  in  question  and 
the  average  particle  diameter. 
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Figure  5.4.  Plot  of  permeability,  K,  against  the  square  of  particle  diameter  for 
various  Sterchamol  screen  fractions. 

Figure  5.4  shows  a  plot  of  K  against  the  square  of  the  average  particle 
diameter.  It  will  be  seen  that  the  linearity  of  the  relationship  is  satisfactory. 

The  measurements  were  carried  out  for  each  column  at  various  values  of 
Pi  and  p0  and  at  a  number  of  column  temperatures.  It  was  found  that  the  val¬ 
ues  of  K  agreed  within  the  limits  of  experimental  error.  These  results  also 
serve  to  show  that  the  simplified  theory  of  flow  assumed  in  the  derivation 
of  the  formulas  is  sufficiently  valid 

Velocity  Gradient  and  Column  Efficiency 

Application  of  the  Van  Deemter  Equation 

We  can  now  consider  the  second  question  raised  in  the  introduction  to 
this  chapter,  namely,  in  how  far  the  gradient  in  gas  velocity  along  the  length 
of  the  column  affects  its  efficiency.  This  subject  can  best  be  approached  by 
considering  the  equation  (22)  due  to  van  Deemter,  given  in  the  later  part 
of  Chapter  4.  This  equation  for  the  H.E.T.P.  as  a  function  of  u,  the  linear 
gas  velocity,  can  be  written  in  a  simplified  form  with  three  coefficients: 

H  =  A  +  B/u  +  Cu  (16) 

The  equation  is  that  of _&  hyperbola  (see  Figures  4.20  and  4.21)  having  a 
minimum  at  u  =  y/B/C  and  H  =  A  +  2  VBC.  Consequently  there  is 
only  one  value  of  the  linear  gas  velocity,  corresponding  to  this  minimum, 
at  which  a  particular  column  is  operating  at  its  maximum  efficiency. 
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Since  a  certain  velocity  gradient  in  a  packed  bed  is  inevitable,  it  will  be 
clear  that  a  G.L.C.  column  can,  strictly  speaking,  never  function  at  opti¬ 
mum  efficiency  along  its  whole  length.  Depending  on  the  distribution  of 
velocities,  the  over-all  efficiency  may,  however,  be  more  or  less  satisfactory. 

It  will  be  obvious  that  the  closest  approach  to  optimum  efficiency  will 
be  realized  if  the  range  of  gas  velocities  is  small  (a  condition  implying  a  low 
pressure  differential,  namely,  a  low  column  resistance)  and  if  these  veloci¬ 
ties  lie  around  the  optimum.  Since  the  left-hand  branch  of  the  hypeibola  is 
usually  steep  it  is  also  evident  that  very  low  gas  velocities  may  transplant 
the  operation  into  the  very  inefficient  region  where  molecular  diffusion  be¬ 
comes  serious.  (This  point  will  be  gone  into  later.)  On  the  other  hand,  it 
will  be  less  disadvantageous  if  the  average  velocity  is  somewhat  higher 
than  the  optimum  because  the  right-hand  branch  of  the  curve  is  usually 
not  so  steep.  The  use  of  higher  velocities  also  possesses  the  practical  ad¬ 
vantage  of  giving  a  piopoitional  shortening  of  the  time  required  for  the 
analysis. 

As  a  rule  the  position  of  the  minimum  will,  of  course,  be  unknown.  It 
varies  from  case  to  case,  and  is  dependent  not  only  on  the  length  of  the 
column,  the  particle  size  of  the  support,  etc.,  but  also  on  the  nature  of  the 
stationary  liquid,  carrier  gas  and  solute,  the  temperature  and  other  opera¬ 
tional  parameters.  Some  experimental  determinations  of  H-u  curves 
(which  incidentally  agreed  well  in  shape  with  that  predicted  by  theory), 
carried  out  by  the  writer  and  co-workers4  on  columns  with  various  types  of 
support,  various  amounts  of  stationary  liquid  and  several  kinds  of  carrier 
gas,  confirmed  that  the  minima  lie  at  different  linear  gas  rates.  These  data, 
however,  also  showed  that  the  volumetric  gas  rate  of  100  ml /min,  quoted  in 
Chapter  2  as  a  good  average  for  columns  of  6  mm  I.D.,  is  a  reasonable  figure 
for  practical  use;  the  equivalent  linear  gas  rate  (about  10-15  cm/sec  at  the 
outlet)  may  lie  somewhat  to  the  right  of  the  average  optimum  found,  but 
not  sufficiently  to  affect  the  efficiency  seriously. 

In  the  case  of  critical  separations  it  may,  however,  be  necessary  for  the 
experimenter  to  adopt  an  empirical  procedure  and  to  vary  the  gas  velocity 

so  as  to  observe  whether  the  efficiency  of  separation  undergoes  noticeable 
changes. 

In  the  following  paragraph  we  shall  mainly  take  the  practical  criterium— 
the  shortening  of  residence  times  and  duration  of  the  analysis— for  judging 
the  effects  resulting  from  alterations  in  the  gas  velocity  by  changing  the 
inlet  and  outlet  pressures. 


Influence  of  Varying  Inlet  and  Outlet  Pressure 

If  an  analysis  is  carried  out  at  certain  values  of  the  inlet  and  outlet  pres- 
sures,  Vi  and  p„  and  it  is  desired  to  increase  the  gas  velocity  so  as  to  shorten 
the  time  of  analysis,  this  result  may  be  obtained  by  changing  either  p„  or 
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w  Z  bf  1  W1  be  Sh0Wn  by  a  few  examP^es  that  it  is  not  immaterial 
which  of  the  pressures  is  altered.  We  will  consider  a  column  that  is  oper¬ 
ated  at  inlet  and  outlet  pressures  Pi  and  p„ ,  after  which  these  pressures  will 
be  changed  to  Pi  and  pj.  If  originally  the  volumetric  gas  rate  (measured 
at  the  outlet)  and  the  residence  time  of  the  carrier  gas  were  Vt  and  t  re¬ 
spectively,  these  quantities  become  V /  and  tj .  The  ratio  of  the  gas 
rates  V t/V {  and  that  of  the  residence  times  tjt0'  follow  from  Eqs.  (5)  and 
(10),  namely: 


Vt 

Vt 


Vo_ 

Vo 


2  2 
Vi  -  Vo 


(Pi v  -  (pjy 

while  from  Eq.  (10)  it  can  be  shown  that 


(17) 


k  -  W  .  (P»/Po)8  -  1  (Vi/Vo)2  -  1  _ 

U  vt  (; Vo)2  -  i  {vi'/vo'Y  -  i 

so  that  the  ratio  of  gas  rates  and  residence  times  can  be  calculated. 

We  will  now  consider  three  experiments. 

Let  the  first  be  carried  out  at  atmospheric  inlet  pressure,  outlet  pressure 
0.25  atm.  In  a  second  run  the  inlet  pressure  is  kept  constant  at  1  atm.  and 
the  outlet  pressure  is  reduced  to  0.1  atm.,  in  a  third  case  the  outlet  pressure 
is  maintained  at  0.25  atm.  and  the  inlet  pressure  is  increased  to  1.15  atm. 
The  calculated  values  of  the  volumetric  gas  rate  at  the  outlet,  the  relative 
residence  times  and  the  ratio  of  linear  outlet  to  inlet  gas  speeds,  u0/ui , 
are  then  found  to  be  as  in  Table  5.2. 

A  comparison  of  these  figures  is  very  instructive.  In  the  second  run  a 
reduction  in  outlet  pressure  by  a  factor  of  2\  has  produced  a  shortening  of 
residence  time  by  but  9  per  cent.  At  the  same  time  the  spread  of  the  velocity 
gradient  has  become  2£  times  larger,  so  that  the  chance  is  now  considerably 
greater  that  a  part  of  the  column  is  operating  at  a  low  stage  efficiency.  In 
the  third  experiment  the  increase  in  inlet  pressure  has  resulted  in  a  15  per 
cent  reduction  in  residence  time,  whilst  the  non -uniformity  in  the  gas 
rate  has  increased  only  slightly.  For  shortening  residence  times  an  increase 
in  inlet  pressure  is  therefore  a  far  better  measure  than  a  reduction  in  out¬ 
let  pressure. 

Low  column  pressures  have  frequently  been  employed  in  G.L.C.  (even 


Table  5.2.  Parameters  for  Various  Column  Pressures 


I 

II 

III 

Inlet  pressure  (atm.) 

1 

1 

1.15 

Outlet  pressure  (atm.) 

0.25 

0.1 

0 . 25 

Volumetric  gas  rate  (outlet) 

vt 

2.64  Vt 

1.34  Vt 

Residence  time 

t0 

0.91  t0 

0.847  to 

Ratio  Uo/ui 

4 

10 

4.6 
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in  published  experiments)  under  the  assumption  that  there  exists  an 
analogy  with  vacuum  distillation,  in  other  words  that  the  rate  of  transpoit 
of  a  component  of  low  volatility  will  thereby  be  increased.  This  assumption 
is,  however,  erroneous.  The  transport  velocity  of  a  solute  in  G.L.C.,  at  a 
certain  gas  rate,  is  dependent  on  its  partition  coefficient  with  respect  to 
the  column  liquid  and  is  independent  of  the  absolute  gas  pressure.  Though 
the  use  of  a  low  column  pressure  need  not  necessarily  result  in  a  low  effi¬ 
ciency  if  the  resistance  of  the  packing  is  not  excessive,  particular  care 
should  be  taken  that  the  velocity  at  the  inlet  is  sufficient  to  insure  its 
operation  outside  of  the  “bad”  portion  of  the  H-u  curve.  An  example  of 
the  unsatisfactory  results  that  might  be  obtained  by  carrying  out  G.L.C. 
“in  vacuum”  is  illustrated  in  Figure  5.5.  In  this  figure  w*  and  u0  represent 
the  speeds  at  the  inlet  and  outlet  of  the  column  that  might  prevail  in  run  I 
of  Table  5.2  ( u0  =  4 wt).  The  circle  on  the  curve  shows  the  estimated 
“average”  H.E.T.P.  at  which  the  column  is  operating,  the  distribution  of 
velocities  (Figure  5.3)  being  taken  into  account.  It  has  been  assumed  that 
this  value  of  the  H.E.T.P.  lies  close  to  the  optimum.  If  now  the  column  were 
operated  at  pi  =  0.1  atm.  and  p0  —  0.01  atm.,  the  calculated  limiting  gas 
velocities  become  u,  (vac.)  and  u0  (vac.).  The  column  thus  functions  largely 
in  the  unfavorable  part  of  the  H-u  curve,  the  estimated  average  H.E.T.P. 
being  as  shown  by  the  second  circle:  the  average  column  efficiency  is  re¬ 
duced  to  less  than  half  on  account  of  this  fact  alone. 

In  operating  columns  of  high  resistance  it  will  be  preferable  to  work  at 
somewhat  elevated  pressures,  so  as  to  establish  a  u0/u <  ratio  as  close  to 
unity  as  possible. 

H&TP. 
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Although,  as  we  have  shown,  the  use  of  low  column  pressures  should  be 
discouraged  from  the  point  of  view  of  separation  efficiency,  it  should  be 
observed  that  i  eduction  of  column  pressure  is  a  good  means  of  increasing  the 
concentiation  of  the  solutes  in  the  effluent,  and  hence  of  increasing  the  sig¬ 
nal  from  the  detector. 

The  Effect  of  Gas  Diffusion 

The  Coefficient  B  in  the  simplified  van  Deemter  Equation  (16)  is  equal 
to  2y _Dgas  (Eq.  22,  p.  125),  in  which  Z)ga8  is  the  gas  diffusivity  and  y  is  a  fac¬ 
tor  for  the  tortuosity  of  the  gas  channels.  An  increase  in  Z)ga8  lowers  the 
maximum  efficiency  by  increasing  Hmin .  =  A  +  2y/BC  and  alters  the 
value  of  u  =  y/B/C  at  which  this  value  of  Hm in.  is  established.  From  a 
standpoint  of  column  efficiency,  therefore,  carrier  gases  of  low  diffusivity 
(nitrogen  and  carbon  dioxide)  are  preferable  to  those  of  high  diffusivity 
(hydrogen  and  helium). 

In  the  van  Deemter  equation  the  factor  y  is  assumed  to  lie  between  0.5 
and  1,  dependent  on  the  packing.  In  order  to  verify  this  point,  values  for 
Dgas  must  be  known.  Gas  diffusion  coefficients  can  be  calculated  from  a 
relation  given  by  Gilliland5.  The  values  so  obtained  for  the  systems  propane 
and  butane  in  nitrogen  and  hydrogen  are  as  follows : 

D(C3Hs  in  N2)  =  0.0765  cm2/sec 
D( C3H8  in  Ho)  =  0.283  cm2/sec 
ZKCAbo  in  N2)  =  0.0663  cm2/sec 
T) (C4H10  in  H2)  =  0.252  cm2/sec 

HE. TP 


trogen. 


20°C,  1  atm. 
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By  systematic  chromatographic  measurements  it  is  possible  to  determine 
points  on  the  H-u  curve  experimentally  and  from  this  curve  to  calculate 
values  of  the  three  coefficients  A,  B  and  C.  Ihis  was  done  for  the  four 
above-mentioned  systems.*  From  B  and  Dg&e  a  figure  for  y  could  then  be 
obtained.  The  values  so  found  lay  between  0.55  and  0.77,  and  therefore 
were  of  the  right  order  of  magnitude.  For  a  first  approximation  y  may,  in 
fact,  be  regarded  as  constant. 

We  are  now  also  in  a  position  to  estimate  more  quantitatively  the  effect 
of  the  nature  and  the  pressure  of  the  carrier  gas.  The  coefficient  Z)gaa  for 
hydrogen  is  about  four  times  that  for  nitrogen.  In  Figure  5.6  curves  have 
been  plotted,  corresponding  to  the  equations: 

H  =  0.1  +  0.07 /u  +  0.05  u  (nitrogen) f 
H  =  0.1  +  0.28 /u  +  0.05  u  (hydrogen) 

From  these  curves  it  may  be  seen  that  a  carrier  gas  of  low  diffusivity 
(such  as  nitrogen  or  C02)  gives  rise  to  higher  column  efficiencies  than  a  gas 
of  high  diffusivity  (hydrogen  or  helium).  The  difference  is  particularly 
striking  at  low  gas  velocities;  at  high  gas  rates  it  becomes  small. 

It  should  be  noted  that  the  diffusivity  is  inversely  proportional  to  the 
gas  pressure.  This  fact  provides  another  argument  against  the  use  of  low 
column  pressures. 

In  the  above  discussion  of  the  diffusion  effect  it  has  been  assumed  that 
the  resistance  of  the  column  is  small,  so  that  inlet  and  outlet  velocities  do 
not  differ  appreciably.  Hydrogen  is  less  viscous  than  the  other  gases  and 
this  fact  gives  a  good  motive  for  using  it  in  densely  packed  columns.  As 
pointed  out  previously,  the  use  of  this  gas  also  somewhat  facilitates  calcu¬ 
lation  from  katharometer  charts. 
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Chapter  6 

THE  SOLID  SUPPORT  AND  THE 
STATIONARY  LIQUID 


The  Solid  Support 


The  Function  of  the  Support 


In  gas-liquid  chromatography  the  column  packing  consists  of  an  inert 
solid  material  supporting  a  nonvolatile  liquid.  As  was  stated  in  Chapter  2, 
the  amount  of  the  latter  varies  in  practice  from  15  to  50  parts  per  100  parts 
(wt/wt)  of  the  support.  This  relatively  large  amount  of  liquid  must  be 
present  as  a  coating  that  is  as  thin  and  uniform  as  possible.  Two  conditions 
are  thereby  insured.  In  the  first  place,  the  liquid  will  actually  be  stationary, 
viz.,  it  will  not  move  by  gravity  or  be  transported  by  the  carrier  gas.  Sec¬ 
ondly,  a  rapid  establishment  of  the  gas-liquid  equilibrium  will  result,  since 
the  solute  molecules  need  not  travel  far  in  the  liquid  phase,  where  the  speed 
of  diffusion  is  small. 

The  support  must  therefore  have  a  large*  specific  area  and  should  hence 
consist  either  of  small  particles  or  of  particles  with  a  high  accessible  po¬ 


rosity. 

In  the  case  of  massive,  uniform  spherical  particles  the  specific  area  is  in¬ 
versely  proportional  to  the  diameter  of  the  particles.  If  the  particles  are 
porous  this  proportionality  does  not  hold,  since  the  contribution  to  the  area 
due  to  the  pores  (which  is  frequently  a  large  proportion  of  the  total)  does 
not  increase  with  diminution  in  size.  Furthermore,  the  packing  density 
scarcely  increases  when  the  particles  become  smaller.  The  specific  area  of  a 
highly  porous  material  is  consequently  very  little  dependent  on  particle 

size. 

Nonporous  solids  are  unsuitable  as  supports  for  G.L.C.  Even  if  the  par¬ 
ticles  are  extremely  fine  the  surface  is  not  sufficiently  large  to  prevent  filling 
of  the  voids  and  transport  of  the  liquid.  Neither  is  every  porous  substance 
suitable.  In  materials  such  as  silica  gel  the  large  surface  area  is  for  t  e 
greater  part  due  to  the  presence  of  extremely  fine  pores.  The  latter  fill  up 
with  solvent,  exposing  but  a  small  surface  for  exchange.  Since  the  lengt 


*  The  word  “large”  is  used  in  a  relative  sense.  In  catalysis  surface  areas  ^  several 
hundreds  of  squatters  per  gra„t  are  quite  normal  The  apecrflc  are^f  the  sup- 
ports  employed  in  G.L.C.  are  smaller  and  may  amount  to  5-20  m  per  g  .  . 
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Table  6.1.  Percentage  Particle  Size  Distribution  of  “Celites” 
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Range  of  Particle  Size 

Celite  535 

Celite  545 

>40  m 

17.5% 

24% 

40-20  n 

32% 

52% 

20-10  n 

32% 

18.5% 

10-6  n 

16% 

4.5% 

<6  M 

2.5% 

1% 

of  the  pores  is  relatively  great,  a  considerable  time  is  required  for  diffusion; 
the  elution  peaks  consequently  broaden,  as  explained  in  Chapter  4.  Further¬ 
more,  such  substances  usually  retain  a  certain  adsorptive  capacity  after 
impregnation  and  then  give  rise  to  “tailing”  of  the  peaks.*  Many  surface- 
active  substances,  including  active  charcoal,  cracking  catalysts,  etc.,  be¬ 
long  to  the  latter  class. 

Two  kinds  of  material  that  have  been  widely  used  as  support  are  diato- 
maceous  earth  and  ground  fire-brick.  “Celite,”  a  brand  of  the  former  ma¬ 
terial,  was  utilized  by  the  inventors  of  G.L.C.,  James  and  Martin1,  and  has 
subsequently  been  employed  by  many  investigators.  Two  grades  of  “Celite” 
that  have  proved  suitable  are  “Celite”  535  and  545,  which  differ  in  grading 
(among  other  properties),  as  appears  from  Table  6.1. 

These  grades  of  “Celite”  are  frequently  submitted  to  elutriation  for  re¬ 
moval  of  the  fines  and  are  sometimes  also  given  an  after-treatment,  f 

Ground  fire-brick  was  first  proposed  by  the  author  and  A.  Kwantes3  and 
has  since  then  been  advocated  by  several  workers  in  the  field4  - 5  - 6  - 7.  Not 
all  kinds  of  fire-brick  are  satisfactory.  The  writer  employed  a  German  make, 
Sterchamol  No.  22.  It  has  been  shown  by  Dimbat,  Porter  and  Stross5  that 
an  American  fire-brick— Johns-Manville  C  22  grade— is  an  equivalent 
material,  having  a  somewhat  greater  strength. 


* ilSurfa®e-actlve  solids  of  this  type  are  employed  in  gas-adsorption  chromatog¬ 
raphy  It  has  recently  been  proposed  to  use  for  this  purpose  adsorbing  agents  that 

Wr  7lth  sma11  amounts  of  hquid,  the  latter  then  acting  as  a  “tail- 

g  reducer.  This  development  will  be  described  in  Chapter  8 

t  James  and  Martin  size-graded  Celite  by  repeated  suspension  in  water  in  a  beaker 

of  Z  a  i  ^  matenal  not  settlin&  in  3  minutes  was  rejected.  About  50  per  cent 

In  20  „  f  ^  S°  rem°  <Th<!  PartiC'eS  mU8‘  have  been  larger 

The  graded  Celite  was  heated  in  a  muffle  furnace  for  3  hours  at  300°C  •- 

wt ^^ater ,° an d'^vas °d r i ed' at*  145°C° 'r  tr'eM m^ t^ff'  C°mp°Unds'  subsequently 

sorptive  capacity  observed  in  the  ^paration  ofXty1SdiTForeIZ1”Ilted  ^  A 
amines,  however,  the  treatment  witti  urn  u  ^  +  i  /  , '  '  c  r  *be  separation  of 

methanolic  Naok.  The supTort  Xn  !tU  °  *  one  "'ith  5  P«  cent 

enough  to  interfere  with  »Ut 
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For  most  purposes  the  fire-brick  can  be  impregnated  directly  after 
giinding,  screening  and  the  removal  of  dust  with  a  suitable  liquid  (see 
Chapter  3).  V 

Dimbat  and  co-workers*  investigated  the  effects  of  some  characteristics 
of  various  solid  supports,  including  “Celite”,  Sterchamol  and  Johns-Man- 
ville  C  22  fire-brick,  on  the  resolution  of  solute  mixtures  in  G.L.C.  The 
surface  area,  pore  volume  and  bulk  density  were  measured.  Of  these 
properties  the  latter  was  the  only  one  showing  a  correlation  with  resolution. 
The  bulk  densities  of  the  materials  investigated  ranged  from  0.31  to  1.4. 
Good  resolution  was  exclusively  obtained  with  supports  having  a  bulk 
density  below  0.45;  above  a  value  of  0.65  results  were  definitely  unsatisfac¬ 
tory. 

Quantitative  Aspects  of  Particle  Diameter  and  Liquid  Film  Thick¬ 
ness 

A  more  quantitative  treatment  of  the  influence  of  the  support  and  the 
film  of  stationary  liquid  can  be  undertaken  with  the  aid  of  the  equation 
derived  for  the  H.E.T.P.  by  Van  Deemter  (Equation  22,  p.  125).  It  was 
shown  in  Chapter  5  that  the  term  2y Deaa/u  allows  the  effects  due  to  the 
nature  of  the  carrier  gas  to  be  estimated.  A  consideration  of  the  two  other 
terms  will  be  found  to  provide  information  on  several  factors  of  importance 
for  constructing  and  operating  columns  intended  for  separations  at  high 
efficiencies. 

Particle  Diameter  of  the  Support.  The  term  2 \dp  in  Equation  22,  p. 
125  is  characteristic  of  the  column  packing  and  is  independent  of  the  solute, 
the  solvent  and  operating  conditions. 

The  most  obvious  way  to  reduce  this  term  (and  so  increase  column 
efficiency)  would  be  to  diminish  dp  ,  the  particle  diameter.  However,  the 
value  of  X— a  factor  dependent  on  the  manner  in  which  the  particles  are 
packed— proves  to  be  adversely  affected  (increased)  by  small  values  of  dp. 
This  fact  shows  that  regular  packing  is  easier  to  realize  with  large  than 
with  small  particles ;  a  fine  support  is  more  liable  to  cause  channeling  than  a 
coarse  one.  Normal  values  quoted  by  Van  Deemter  et  al.s  for  X  are:  ca.  8 
for  a  200-400  mesh  screen  fraction  (diameter  74-37  m),  ca ■  3  for  50-100 
mesh  (297-149  n),  less  than  1  for  20-40  mesh  (840-240  n). 

The  same  authors  compared  columns  packed  with  “Celite”  (300-400 
mesh  or  dp  ~  40  n)  to  columns  packed  with  a  50-80  mesh  fraction  of  ground 
fire-brick  (average  particle  diameter  ca.  250  n).  The  values  of  2  \dp  for  these 
two  columns  were  obtained  from  the  intercepts  of  the  asymptotes  to  the 
H-u  curve  on  the  H  axis  (see  Figures  4.20  and  4.21)  and  proved  to  be  about 
equal,  or  even  slightly  higher  for  the  “Celite”  column.  It  hence  follows  that 

*  Private  communication. 
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the  advantage  of  a  six  times  smaller  particle  diameter  in  the  case  of  “Celite 
is  nullified  by  a  value  of  X  that  is  at  least  six  times  as  large. 

Since  the  coarser  material  has  a  far  higher  permeability  than  “Celite 
(with  the  important  resulting  advantages  discussed  in  Chapter  5),  the 
writer  considers  a  30-50  or  50-80  screen  fraction  of  a  suitable  fire-brick 
to  be  a  better  support  for  most  types  of  work*.  It  should  be  noted,  however, 
that  experience  to  date  is  only  based  on  results  with  supports  that  have  first 
been  impregnated  and  then  introduced  into  the  column.  A  fine  support 
gives  considerable  trouble  when  it  is  charged  in  this  way.  It  is  possible  that 
a  small  particle  diameter  might  retain  more  of  its  value  if  the  dry  support 
were  first  placed  in  the  column  and  impregnated  in  situ. 

The  Amount  of  Stationary  Liquid.  The  effect  of  the  quantity  of 
stationary  liquid  on  the  support  shows  up  in  the  term 

8  k'  df 2 

X2  '  (1  +  k'Y  '  ■  “ 


of  Equation  22  (p.  125),  in  which  the  thickness  df  of  the  liquid  film  enters 
in  the  second  power.  If  df  is  small  in  comparison  to  the  particle  diameter, 
as  is  usually  the  case,  the  total  volume  of  stationary  liquid  is  about  equal 
to  the  product  of  surface  area  of  the  support  and  effective  film  thickness. 

e  have  seen  that  the  surface  area  only  varies  appreciably  with  particle 
size  in  the  case  of  smooth  particles;  in  the  case  of  the  porous  materials 
normally  used  the  specific  surface  area  scarcely  increases  with  a  reduction 
m  particle  size.  Hence  df  will  vary  little  with  particle  diameter,  and  for  a 
certain  type  of  support  will  always  be  roughly  proportional  to  the  ratio  of 
stationary  liquid  to  solid. 

The  coefficient  of  the  mass  transfer  term  does  not,  however,  increase  di- 
rectly  in  proportion  to  the  square  of  the  film  thickness  d,  ,  since  the  quan- 

tity  k  =  k  is  also  affected.  For  a  given  column  packing  Fiiq.  +  Fgas 


is  constant,  so  that  an  increase  in  Fliq.  will  reduce  Fgas  and  cause  an  in¬ 
crease  m  k  iiq./Fga8 .  With  the  double  purpose  of  checking  the  validity  of 
the  mass  transfer  term  in  the  van  Deemter  equation  and  of  obtaining  prac- 
■ca  Imformahon  on  the  influence  of  variations  in  the  amount  of  stationary 
liquid,  van  de  Craats,  keulemans  and  Ivwantes9  determined  a  number  of 
f-u  curves  on  columns  containing  different  ratios  of  solvent  to  support. 

a  ... 


wit7aTlZ)1iq\^M^trwpollHtvewmat  °f.firebrick.  if  impregnated 

components  „f 

compounds  are  present  in  the  mixture  to  be  antlv,  J  *i  u  .  **  If  SUch  polar 
to  use  a  stationary  liquid  having approximaWv  , Z ’  altfnatlves  ^nce:  (a) 

in  question,  or,  if  a  stationary  phase  of  low  poh  ritv  is  ZertW '(b)  to  ‘he  TT’,™'' 
whieh  produces  the  effect  described  to  a  lower,  though 
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The  columns  employed  were  packed  with  30-50  mesh  ground  fire-brick, 
coated  with  5,  15,  30  and  45  parts  per  100  of  n-hexadecane;  propane  and 
n-butane  were  chosen  as  solutes.  The  results  are  shown  in  Figure  6.1.  The 
most  important  data  from  these  experiments  are  listed  in  Table  6.2. 

Of  the  figures  in  Table  6.2  those  for  F,iq.  and  Fgaa  could  be  determined 
directly  from  measured  column  data.  The  values  for  k'  and  k'/(  1  +  k'f 
could  be  calculated  from  known  partition  coefficients  k  (see  Chapter  7), 
which  at  the  temperature  of  the  experiments  (30°C)  were  11.4  db  0.3  for 
propane  and  38.0  ±  0.3  for  n-butane  with  respect  to  n-hexadecane.  The 

HlE  T  P)  ,  cm 


H 


Figure  6.1.  H-u  curves  for  various  ratios  of  hexadecane  to  Sterchamol  30/50. 
Solutes:  propane  and  n-butane;  carrier  gas: hydrogen. 

(a)  45:100  0»  30:100 
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true  effective  value  of  d,  is  not  easy  to  estimate,  and  a  relative  procedure 
was  therefore  adopted.  If  a  thickness  of  unity  is  assigned  to  the  film  in  e 
5  per  cent  column,  the  thicknesses  in  the  15,  30  and  45  per  cent  columns 
will  not  have  been  more  than  3,  6  and  9,  respectively  and  the  proportion¬ 
ality  of  df 2  will  not  have  exceeded  1:9:36:81;  the  latter  values  were  taken 
for  computing  dfk'/(  1  +  k')2. 

A  satisfactory  check  of  the  theory  might  have  been  obtained  by  meas¬ 
uring  the  slopes  of  the  asymptotes  in  one  experiment,  calculating  those  in 
the  others  and  comparing  them  with  observed  values.  Unfortunately ,  the 
slopes  of  the  5,  15  and  30  per  cent  asymptotes  were  too  small  to  be  measured 


(c)  15:100 


(d)  5:100 
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Table  6.2.  Comparison  of  Data  for  Columns  with  Various  Amounts 

of  Stationary  Liquid 


Hexadecane  in  Per  cent  (wt/wt) 


15 


30 


45 


F  liq. 

Fgas 

k'  -  C3 

k '  —  nC4 


k'/{\  +  k'Y  -  C3 
k' /  (1  +  k'Y  -  nC4 
k’df*/a  +  k')2  -  C3 

k'df2/  (1  +  k')2  —  nCt 
Slope  of  curve  as 
calculated  from  45%  • 
column 


C, 

C4 


0.0067 

0.0233 

0.213 

0.215 

0.36 

1.24 

1.2 

4.1 

0.149 

0.247 

0.248 

0.158 

0.15 

1.86 

0.25 

1.42 

0.0006 

0.008 

0.0015 

0.008 

0.0426 

0.0629 

0.191 

0.165 

2.54 

4.34 

8.5 

14.5 

0.203 

0.152 

0.094 

0.060 

7.31 

12.30 

3.38 

4.86 

0.033 

0.055* 

0.019 

0.028* 

*  Experimental  values. 


accurately.  The  values  calculated  from  the  45  per  cent  curves,  however, 
agree  with  observations  in  two  respects : 

(a)  the  slopes  are  equal  for  the  15  per  cent  column,  and 

(b)  the  order  of  slopes  is  reversed  in  the  5  per  cent  column. 

The  experiments  therefore  give  a  qualitative  confirmation  of  the  van 
Deemter  term,  which  is  probably  all  that  can  be  expected  in  view  of  the 
assumptions  made  in  the  derivation  of  the  equation  and  the  relatively 
small  contribution  of  the  mass  transfer  term. 

In  spite  of  its  inherent  uncertainties  this  term  can  provide  us  with 
valuable  indications  in  several  respects.  Firstly,  we  can  look  into  the  in¬ 
fluence  of  temperature  on  column  efficiency.  The  factor  k'/(  1  +  k'f  has  a 
maximum  of  0.25  at  k'  =  1.  Normally  k'  will  be  appreciably  larger  than  1 
and  will  decrease  with  increasing  temperature,  so  that  k'/{  1  +  k'f  then 
becomes  larger  and  tends  to  reduce  the  column  efficiency.  On  the  other 
hand,  an  increase  in  temperature  increases  the  diffusion  coefficient  Duq.  , 
partly  owing  to  a  reduction  in  viscosity  of  the  liquid.  The  two  effects  tend 
to  compensate  each  other,  and  the  over-all  influence  on  the  column  effi¬ 
ciency  is  not  easily  predictable.  Fhe  fact  that  an  increase  in  temperature 
has  sometimes  been  found  to  have  a  favorable,  and  sometimes  an  unfavor¬ 
able  effect  on  column  efficiency  thus  becomes  explicable. 

The  mass  transfer  term  of  the  van  Deemter  equation  also  furnishes  the 
possibility  of  measuring  Du Q.  .  Admittedly,  this  procedure  has  the  disad¬ 
vantage  of  requiring  a  value  to  be  assigned  to  df  if  Duq  is  to  be  determined 
absolutely.  By  using  one  and  the  same  column  it  is,  however,  possible  to 
obtain  relative  values  for  DU<1.  (since  df  cancels  out)  and  so  gather  valu¬ 
able  information  on  the  diffusion  coefficients  for  various  solutes,  their  de- 
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pendency  on  temperature,  etc.  It  should  be  noted  that  this  property  (which 
is  small  in  magnitude,  but  is  a  determining  parameter  in  G.L.C.)  is  not 
readily  accessible  to  accurate  measurement  by  other  methods. 

The  Stationary  Liquid 


Liquid  Solutions 

The  practical  rules  and  suggestions  that  are  given  in  Chapter  2  and 
Appendix  I  for  choosing  the  stationary  liquid  will  probably  be  sufficient 
for  the  majority  of  separations  to  be  carried  out  by  G.L.C. 

In  attempting  to  consider  the  most  important  role  played  by  the  sta¬ 
tionary  liquid  in  greater  detail,  one  is  confronted  by  the  difficulty  that  a 
theory  of  the  liquid  state,  sufficiently  valid  for  a  rigid  treatment,  is  still 
lacking.  The  various  theories  that  have  been  developed  are  at  present  able 
to  describe  the  observed  phenomena  only  in  a  qualitative  or  semi-quantita¬ 
tive  sense.  Nevertheless,  they  can  frequently  provide  guidance  of  value. 

Among  these  theories,  those  developed  by  Hildebrand10  and  co-workers 
have  had  a  great  influence  and  should  first  be  mentioned.  Hildebrand  intro¬ 
duced,  for  instance,  the  concept  of  the  “solubility  parameter,”  a  quantity 
that  is  characteristic  of  a  liquid  substance.  In  the  case  of  liquid  binary  mix¬ 
tures,  their  behavior  as  regards  demixing  in  a  certain  range  or  the  partial 
vapor  pressure  of  the  components  can  be  predicted  from  the  solubility 
parameters  of  each  of  the  components.  Hildebrand  himself  stresses,  how¬ 
ever,  that  the  assumptions  in  the  theory  are  approximations  only,  and  that 
the  consequent  uncertainty,  together  with  that  in  the  available  data,  renders 
it  impossible  to  predict  solubilities  exactly. 

Solubility  parameters  are  useful  for  selecting  solvents  for  a  particular 
solute  in  G.L.C.  However,  in  selecting  a  solvent  that  will  effect  the  separa¬ 
tion  of  two  similar  solutes,  one  has  to  depend  on  small  differences  in  relative 
volatility  and  for  this  purpose  an  accuracy  higher  than  that  attainable  by 
Hildebrand’s  theory  is  essential.  It  is  doubtful,  in  fact,  whether  the  required 
accuracy  can  be  obtained  by  considering  a  single  parameter  for  each  of  the 
two  components  of  the  binary  mixture,  particularly  since  in  G.L.C.  the 
solute  and  the  solvent  usually  differ  widely  in  nature. 

In  the  following  we  shall  first  consider  the  theory  of  solution  behavior 
from  a  rather  qualitative  point  of  view  and  then  proceed  to  a  more  quanti¬ 
tative  treatment. 

In  a  separation  by  G.L.C.  the  volatile  solute  molecules  are  for  the  greater 
part  of  the  time  dissolved  in  the  stationary  liquid  and  are,  during  that  time 
not  transported.  During  a  small  part  of  their  total  residence  time  in  the 
column  the  solute  molecules  are  in  the  gas  phase,  where  they  are  transported 
by  the  moving  earner  gas.  The  separation  of  two  solutes  is  based  on  the 
erence  in  their  rate  of  transport  and  hence  on  the  difference  in  the  frac- 
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tion  of  these  solutes  in  the  gas  phase.  We  therefore  have  to  deal  with  the 
theory  of  vapor-liquid  equilibria  in  mixtures  of  two  components;  only  one 
of  these  components,  however,  exerts  a  measurable  vapor  pressure. 

Our  considerations  will  be  founded  on  two  fundamental  laws  of  solution, 
both  referring  to  the  partial  vapor  pressure  of  solutes  above  their  liquid 
solutions.  The  first  law  refers  to  ideal  liquid  solutions. 

Raoult  s  Law.  According  to  RaoulVs  law ,  the  partial  vapor  pressure,  p, 
of  a  constituent  of  an  (ideal)  liquid  solution  is  equal  to  the  product  of  its 
mole  fraction,  x,  in  the  liquid  and  its  vapor  pressure  in  the  pure  state,  p°; 
hence 

V  =  zp°  (1) 

For  a  binary  ideal  liquid  solution  the  vapor  pressures  of  the  constituents 
are  given  by 

Pi  =  xpi°  and  p2  =  (1  -  x)p2° 

According  to  these  equations  the  plot  of  the  partial  vapor  pressure  of  each 
constituent  against  its  mole  fraction  in  the  liquid  will  be  a  straight  line,  as 
shown  in  Figure  6.2.  The  total  vapor  pressure  P  is  the  sum  of  the  two  par¬ 
tial  pressures; 

P  =  Pi  +  Pi  =  xpi°  +  (1  -  x)p2°  =  p2°  +  x(pi°  -  p2°); 

hence,  the  total  vapor  pressure  P  also  varies  in  a  linear  manner  with  the 
mole  fraction  of  either  component  in  the  liquid  phase. 

Ideal  liquid  solutions  are  exceptional,  although  systems  are  known  which 
approximate  to  ideality  very  closely  (for  instance  pentane-hexane,  meth- 


Figure  6.2.  Vapor  pressures  of  a  binary  liquid  mixture  according  to  Raoult’s  law 
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anol-ethanol,  n-chlorobutane-n-bromobutane) .  A  binary  liquid  mixture 
will  form  an  ideal  solution  only  if  the  solute  molecules  interact  in  the  same 
way  with  the  surrounding  solvent  molecules  as  they  do  with  neighboring 
molecules  in  the  pure  state. 

In  G.L.C.  there  is  always  a  large  difference  in  volatility  between  solute 
and  solvent,  arising  either  from  a  large  difference  in  the  dimensions  of 
their  molecules  (as  in  the  case  of  butane-hexadecane) ,  from  a  large  dif¬ 
ference  in  polarity  (butane-dimethylformamide)  or  from  both  factors 
(benzene-polyethyleneglycol).  These  differences  are  sufficient  to  upset 
ideality  completely,  so  that  ideal  liquid  solutions  need  scarcely  be  con¬ 
sidered  in  G.L.C. 

The  deviations  from  ideality  may  be  positive  or  negative,  depending  on 
whether  the  actual  partial  vapor  pressure  of  a  constituent  is  greater  or 
smaller  than  it  should  be  if  Raoult’s  law  were  obeyed.  Instances  of  these 
two  cases  have  been  depicted  in  Figure  6.3. 

While  on  the  one  hand  non-ideality  leads  to  a  complication  in  the  treat¬ 
ment  of  solution  behavior,  the  fact  that  the  solute  molecules  predomi¬ 
nantly  occur  in  very  low  concentrations  introduces  a  simplification.  In 
G.L.C.  solute  molecules  are  seldom  close  enough  together  to  exert  a  mutual 
influence;  the  direct  environment  of  a  solute  molecule  can  hence  often  be 
considered  as  a  medium  consisting  of  solvent  molecules  only.  Instead  of 
referring  to  “ideal”  liquid  solutions  we  may  then  speak  of  “ideally  dilute” 
solutions  or  “infinitely  dilute”  solutions.  In  such  solutions  the  volatility 
of  the  solute  molecules  (or  their  escaping  tendency)  is  mainly  determined 
by  the  intermolecular  forces  between  solute  and  solvent  molecules,  and 
scarcely  at  all  by  the  intermolecular  forces  between  solute  molecules,  as  in 
the  case  of  the  pure  solute  in  the  liquid  state. 


MOLE  FRACTION  ,  X 


MOLE  FRACTION  .  X 


figure  6.3.  Non-ideal  solutions.  (A) 
Negative  deviation  from  Raoult’s  law. 


Positive  deviation  from  Raoult’s  law.  (B) 
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Henry  s  Law.  It  is  to  this  type  of  non-ideal  liquid  solutions  that  the 
second  fundamental  law,  Henry’s  law,  applies.  According  to  this  law  the 
partial  vapor  pressure  of  a  solute  in  dilute  solution  is  proportional  to  its 
mole  fraction.  In  Figure  6.4,  there  are  shown  vapor  pressure  lines  for,  I,  an 
ideal  solution  agreeing  with  Raoult’s  law,  II,  a  solution  with  a  positive  devia¬ 
tion,  III,  a  solution  with  a  negative  deviation.  It  may  be  seen  that  a  part 
of  the  two  curves  near  the  origin  almost  coincides  with  the  tangents  in  the 
origin.  The  almost  straight  part  of  the  curves  near  the  origin  may  some¬ 
times  be  very  small.  This  wall  be  the  case,  for  instance,  for  associated  solute 
molecules,  which  frequently  dissociate  in  an  appropriate  solvent,  the  degree 
of  dissociation  depending  upon  the  dilution,  even  at  very  small  concentra¬ 
tions.  If  Henry’s  law  applies  in  practice  for  the  whole  region  of  solute  con¬ 
centration  encountered  in  G.L.C.,  it  follows  that  the  assumption  of  a  linear 
distribution  isotherm  is  fulfilled  and,  as  has  been  shown  in  Chapter  4,  the 
elution  curves  will  be  symmetric.  On  the  other  hand,  distinctly  asymmetric 
elution  curves  may  be  caused  by  curved  distribution  isotherms,  which 
means  that  Henry’s  law  is  departed  from.  (Sometimes  the  asymmetry  may 
be  caused  by  adsorption  on  the  support.) 

Qualitative  Observations  on  the  Stationary  Liquid 

The  Cohesive  Energy.  In  qualitative  considerations  valuable  practical 
guidance  may  be  obtained  from  simple  models.  Let  us  illustrate  such  a  case 
by  a  discussion  of  the  phenomenon  of  vaporization. 

Molecules,  either  in  a  pure  state  or  in  solution,  are  kept  in  the  liquid 
state  by  cohesive  forces  and  tend  to  escape  from  the  liquid  by  thermal  agita¬ 
tion.  As  soon  as  a  particular  molecule  has  acquired  sufficient  kinetic  energy 
to  overcome  the  forces  of  attraction  exerted  by  the  surrounding  molecules 
in  the  liquid  state,  it  may  escape  into  the  vapor. 

The  forces  of  cohesion  may  be  of  various  types.  In  the  case  of  a  solute 


Figure  6.4.  Henry’s  law. 
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Table  6.3.  Cohesive  Energies  in  kg  cal/mole 
/.  =  orientation  energy;  b  =  induction  energy;  c  =  dispersion  energy),  dipole 
moments  M  in  Debye  units  (10-»e.s.  units  of  charge  X  cm)  and  polarizabilities  (a) 
in  cm3  of  various  compounds. _ 


Compound 


[+6  4- 


n  in  10-*4  cm* 


A 

0.000 

0.000 

CO 

0.0001 

0.002 

III 

0.006 

0.027 

HBr  ' 

0.164 

0.120 

HC1 

0.79 

0.24 

nh3 

3.18 

0.37 

h2o 

8.69 

0.46 

2.03 

2.03 

0 

1.63 

2.09 

2.09 

0.12 

1.99 

6.18 

6.21 

0.38 

5.40 

5.24 

5.52 

0.78 

3.58 

4.02 

5.05 

1.03 

2.63 

3.52 

7.07 

1.50 

2.21 

2.15 

11.30 

1.84 

1.48 

that  is  kept  in  a  liquid  solution  they  are: 

(a)  forces  between  permanent  dipoles  of  solute  and  solvent; 

(b)  forces  between  a  permanent  dipole,  either  of  solute  or  solvent,  and 
the  induced  dipole  of  the  other; 

(c)  non-polar  forces  between  solute  and  solvent  molecules. 

(In  the  case  of  association  the  forces  of  attraction  between  a  pair  of  sol¬ 
ute  molecules  have  also  to  be  considered.) 

In  the  same  order  the  above  forces  have  been  termed  (see10) 

(a)  orientation  forces  (Keesom) 

(b)  induction  forces  (Debye) 

(c)  dispersion  forces  (London).* 

A  particular  type  of  orientation  forces,  the  so-called  “hydrogen  bond¬ 
ing”  deserves  special  mention.  These  forces  are  much  larger  than  the  normal 
cohesive  forces,  although  they  are  smaller  than  the  forces  of  the  chemical 
bond.  It  should,  moreover,  be  noted  that  cases  also  occur  in  G.L.C.  in 
which  use  is  made  of  the  chemical  bond,  viz.,  the  formation  of  loose  chemi¬ 
cal  adducts  between  certain  solutes  and  stationary  liquids. 

Each  of  the  three  types  of  forces  mentioned  contributes  to  the  total 
cohesive  energy,  although  the  relative  magnitudes  of  the  contributions 
may  differ  considerably.  If,  besides  London  forces,  strong  orientation  forces 
are  also  present  (as  in  the  case  of  water,  fatty  acids,  alcohols),  the  volatility 
is  much  reduced  in  comparison  with  that  of  non-polar  molecules  of  the 
same  size. 

The  contribution  of  the  induction  forces  is  always  relatively  small. 
Table  6.3,  which  has  been  taken  from  Ketelaar11,  may  serve  to  give  some 
impression  of  the  relative  magnitudes  of  the  energies  constituting  the  co¬ 
hesive  energy  for  a  number  of  pure  compounds. 

*  The  term  van  der  Waals  forces  is  sometimes  used  to  denote  the  dispersion  forces- 
it  would  be  slightly  more  correct  to  denote  the  combined  forces  by  this  name  In 
order  to  avoid  confusion  the  latter  term  will  not  be  used  in  this  book 
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Mathematical  expressions  have  been  derived  for  each  of  these  three 
energies  (see  Hildebrand10)  which  allow  some  conclusions  to  be  drawn: 

(1)  The  eneigy  of  attraction  between  two  molecules  increases  with  the 
inverse  6th  power  of  their  distance.  Solvents  with  large  dipoles  concen¬ 
trated  in  small  molecules — as  in  dimethylsulfolane  or  dimethylformamide, 
for  instance  must  therefore  be  capable  of  producing  very  selective  separa¬ 
tions. 

(2)  The  capability  of  a  stationary  liquid  for  effecting  selective  separa¬ 
tions  decreases  with  increasing  temperature. 

The  effect  of  decreased  selectivity  at  higher  temperatures  is  particularly 
large  for  the  orientation  energy  because  this  energy  is,  even  at  constant 
volume,  inversely  proportional  to  the  absolute  temperature. 

Examples.  As  has  been  mentioned,  the  induction  energy  is  alwrays  small 
in  comparison  with  the  other  energies  of  attraction.  Its  effect  on  the  separa¬ 
tion  of  volatile  compounds  may  nevertheless  be  appreciable,  as  will  be 
demonstrated  in  the  following  examples. 

(1)  Benzene  and  cyclohexane,  with  boiling  points  of  80.10  and  80.81°C, 
respectively,  have  no  permanent  dipoles;  benzene,  however,  is  more 
polarizable  per  unit  of  volume  than  cyclohexane.  If  a  moderately  polar  sol¬ 
vent,  such  as  dinonyl  phthalate,  is  used  as  the  solvent,  a  certain  dipole  will 
be  induced  by  the  electric  field  of  the  molecules  of  this  stationary  liquid; 
this  dipole  is  larger  in  the  case  of  the  benzene  molecules  than  in  that  of  the 
cyclohexane  molecules.  The  cohesive  forces  of  induction  will  be  increased 
selectively  for  benzene  and  consequently  this  solute  will  become  less 
volatile  than  cyclohexane.  With  a  non-polar  solvent,  such  as  a  paraffin,  on 
the  other  hand,  benzene  will  become  the  more  volatile.  This  fact  may,  at 
least  partly,  be  explained  as  follows.  From  the  lower  molecular  weight  of 
benzene  with  respect  to  cyclohexane  the  first  might  be  expected  to  have 
a  boiling  point  a  few  degrees  below  that  of  cyclohexane.  The  “induction 
forces”  in  pure  benzene,  however,  cause  these  molecules  to  have  an  addi¬ 
tional  cohesive  energy  (which  for  instance  finds  it  expression  in  its  smaller 
molecular  volume).  If  we  now  bring  the  benzene  molecule  into  a  paraffin 
medium  this  additional  energy  is  lost  and,  in  accordance  with  its  lower 
molecular  weight,  benzene  will  become  more  volatile  than  cyclohexane. 

(2)  Butene-1  and  isobutene  have  boiling  points  of  —6.3  and  —6.9  C, 
respectively.  The  first  has  a  small  permanent  dipole  (0.3  D),  while  isobutene 
has  no  dipole.  The  polarizability  of  isobutene  is  much  greater  than  that  of 
butene-1  If  a  strongly  polar  liquid  is  used,  such  as  dimethylformamide,  it 
is  possible  to  separate  one  olefin  from  the  other  and  the  order  of  elution  is 
the  reverse  of  what  would  be  expected  from  the  volatility  of  the  pure 

(3)  A  third  example  may  be  taken  from  the  work  of  Bradford,  Harvey 
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Table  6.4.  Relative  Retention  Volumes  (Ethene  =  1)  for  Components  of  a 

Hydrocarbon  Mixture  with 


fa}  triisobutylene,  (b)  acetonyl  acetone  and  (c)  AgNO, /glycol  as  stationary  liquids 

Hydrocarbon 

Boiling  Point  (°C) 

Relative  Retention 
(a)  (b) 

Volumes 

(O 

Methane 

-161.5 

0.8 

0.7 

0.75 

Acetylene 

-84.0 

0.95 

3.8 

— 

Ethene 

-103.7 

1.0 

1.0 

1.0 

Ethane 

-88.6 

1.2 

1.0 

0.75 

Propene 

-47.7 

2.4 

2.2 

1.0 

Propane 

-42.1 

2.7 

1.6 

0.75 

Methylacetylene 

-23.2 

2.85 

11.5 

— 

Isobutane 

-11.7 

5.6 

2.2 

0.75 

Isobutene 

-6.9 

6.7 

4.75 

3.25 

Butene-1 

-6.3 

6.7 

4.75 

6.25 

Butadiene 

-4.4 

6.7 

10.0 

10.0 

n-Butane 

-0.5 

7.5 

3.0 

0.75 

TYans-Butene-2 

+0.88 

8.0 

5.85 

1.75 

Czs-Butene-2 

+3.72 

8.9 

6.8 

5.5 

and  Chalkley12,  who  investigated  the  separation  of  a  mixture  of  hydrocar¬ 
bon  gases  by  G.L.C.  with  the  aid  of  three  stationary  liquids: 

(a)  Triisobutylene  (a  polymer  of  isobutene  boiling  between  190  and 
200°C) ; 

(b)  Acetonyl  acetone; 

(c)  A  saturated  solution  of  silver  nitrate  in  glycol. 

The  observed  retention  volumes,  relative  to  that  of  ethene,  are  shown  in 
Table  6.4. 

Triisobutylene,  a  non-polar  liquid,  does  not  give  rise  to  induced  dipoles 
and  therefore,  as  might  be  expected,  causes  a  separation  according  to  boiling 
point,  acetylene  forming  the  only  marked  exception. 

Acetonyl  acetone  is  moderately  polar.  It  induces  dipoles  in  the  polarizable 
unsaturated  hydrocarbons  and  consequently  retains  them  selectively. 
Trans-  and  cfs-butene-2  are  also  readily  separated  on  account  of  their  dif¬ 
ference  in  polarizability. 

In  the  case  of  stationary  phase  (c)  there  exist  forces  of  attraction  between 
the  silver  ions  and  the  unsaturated  hydrocarbons13,  and  the  stationary 
liquid  forms  loose  chemical  adducts  with  specific  olefins.  The  chemical 
bond  is  stronger  in  the  case  of  butene-1  than  in  that  of  isobutene,  and 
these  two  olefins  (which  have  equal  retention  volumes  with  stationary 
phases  a  and  b)  are  now  completely  separated.  The  paraffins  from  methane 

to  butane  overlap  with  this  stationary  liquid,  and  the  same  applies  to 
ethene  and  propene. 


158 


GAS  CHROMATOGRAPHY 


As  will  be  apparent  from  the  foregoing,  the  separation  of  two  substances 
under  a  given  set  of  conditions  depends  both  upon  their  differences  in  boil¬ 
ing  point  and  upon  the  differences  in  ideality  of  their  solutions  in  the  sta¬ 
tionary  liquid.  With  a  stationary  liquid  not  giving  rise  to  induction  forces 
compounds  are  separated  primarily  on  the  basis  of  their  boiling  points; 
with  a  liquid  causing  polarization,  both  boiling  point  and  type  play  a  role. 
Materials  closely  alike  both  in  boiling  point  and  type  can  be  separated  only 
with  difficulty.  Substances  with  different  boiling  points  and  of  different 
type  can  be  separated  unless  the  two  effects  just  compensate  each  other. 

The  examples  show  that,  in  spite  of  the  smallness  of  the  induction  energy, 


all  three  types  of  cohesive  force  have  to  be  taken  into  account,  since  it  is  not 
the  volatility  of  a  substance  that  must  be  considered  in  the  first  place,  but 
the  relative  volatility  (ratio  of  volatilities)  of  two  substances  when  dis¬ 
solved  in  the  stationary  liquid. 

As  compared  with  the  energies  playing  a  role  in  the  formation  of  stable 
chemical  compounds  the  cohesive  energy  is  small.  There  are,  however, 
dipoles  in  which  hydrogen  is  linked  to  N,  O  or  F,  that  exert  effects  upon 
each  other  far  greater  than  those  to  be  expected  from  normal  dipoles.  The 
reason  for  this  phenomenon  is  that  the  bare  proton  of  compounds  with 
strongly  negative  atoms,  being  so  small,  can  come  very  close  to  a  second 
negative  atom,  so  that  a  “  hydrogen  bond”  is  formed.  Its  exceptional 
nature  is  due  to  the  closeness  of  approach  of  the  two  dipoles  that  is  possible 
owing  to  the  small  size  of  the  proton.  The  influence  of  this  fact  upon  the 
total  cohesive  energy  is  considerable,  as  the  energy  is  proportional  to  the 
inverse  sixth  power  of  the  distance.  The  strength  of  the  bond  falls  off  ap¬ 
proximately  in  the  order  F-H,  O-H,  N-H.  Phenomena  such  as  association 
and  solvation  are  the  result  of  hydrogen  bonding.  Its  energy  lies  somewhere 
between  that  of  the  chemical  bond  and  the  normal  cohesive  energy. 

Classification  of  Solvents.  As  has  already  been  said,  current  theories 
of  solutions  do  not  allow  the  separation  effected  by  a  solvent  to  be  ac¬ 
curately  predicted  from  the  properties  of  this  solvent  and  from  those  of  the 
components  to  be  separated.  The  considerations  given  in  the  previous 
pages  can,  however,  prove  of  some  assistance  in  selecting  a  suitable  solvent 
for  a  particular  purpose.  Admittedly,  the  indications  so  obtained  are  as  yet 
far  from  precise.  Nevertheless  it  is  possible  to  draw  up  a  very  rough  quali¬ 
tative  scheme  for  dealing  with  a  specific  problem,  by  defining  five  classes  of 
substances  into  which  the  volatile  materials  and  stationary  liquids  fall. 
These  classes  are  arranged  in  the  order  of  decreasing  cohesive  energy  (see, 

for  instance,  Hecker14).  ,  , 

(I)  The  molecules  form  a  three-dimensional  network  of  hydrogen  bonds. 

Examples  are:  water,  polyalcohols,  aminoalcohols,  oxy-acids,  polyphenols, 
di-  and  tricarboxylic  acids. 

(II)  The  molecules  possess  active  hydrogen  atoms  as  well  as  electroi  g.  - 
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tive  atoms  with  free  pairs  of  electrons  (0,  N,  F).  Examples:  alcohols,  fatty 
acids,  phenols,  primary  and  secondary  amines,  oximes,  nitro  compounds 
and  nitriles  with  a- II  atoms. 

(III)  The  molecules  possess  electronegative  atoms,  but  no  active  hy¬ 
drogen.  Examples:  ethers,  ketones,  aldehydes,  esters,  tertiary  amines,  nitro 

compounds  and  nitriles  without  «-H  atoms. 

(IV)  The  molecules  possess  active  hydrogen  atoms  and  negligible  dipoles 
only  (CHCb  ,  CH2C12 ,  CHSCHC12 ,  CH2C1— CH2C1,  CH2C1— CH2— CHC12 
etc.,  aromatic  and  olefinic  hydrocarbons). 

(V)  Molecules  without  functional  groupings,  such  as  saturated  hydro¬ 
carbons,  carbon  disulfide,  tetrachloromethane,  etc. 

This  classification  (which  amounts  to  a  more  detailed  form  of  the  “rule 
of  similarity”  given  in  Chapter  2)  does  not  explicitly  take  into  account  the 
effects  of  mutual  polarizability.  Furthermore,  it  does  not  allow  for  the  fact 
that  forces  similar  to  those  of  the  chemical  bond  may  produce  extremely 
selective  retentions  (by  the  formation  of  loose  adducts)  for  particular 
solutes  with  specific  stationary  liquids.  Apart  from  these  effects,  a  certain 
solute  will  be  retained  more  powerfully  by  a  stationary  liquid  as  the  classes 
to  which  they  belong  are  closer  together. 

The  use  that  can  be  made  of  this  rough  classification  can  be  illustrated 
by  an  example. 

Take  the  case  of  a  mixture  of  two  components  having  nearly  the  same 
boiling  points,  but  belonging  to  different  classes:  ethanol  (b.p.  78°C,  Class 
II)  and  2 , 2-dimethylpentane  (b.p.  79°C,  Class  V).  For  a  good  separation 
we  could  now  choose  either  a  stationary  liquid  falling  in  Class  II  (or  in  the 
adjacent  Classes  I  or  III),  say  a  poly-alcohol  such  as  glycerol,  or  else  one 
at  the  other  end  of  the  scale,  for  instance  “liquid  paraffin”  (Class  V).  With 
the  former  the  alcohol  will  be  selectively  retained  and  the  paraffinic  solute 
will  emerge  first.  With  “liquid  paraffin”  as  stationary  phase  the  order  will 
be  reversed.  In  the  latter  case  the  volatility  of  the  alcohol  will  be  promoted 
by  the  dissociation  of  its  associated  molecules  in  the  paraffinic  solvent. 
If  only  these  two  substances  had  to  be  separated,  it  would  be  immaterial  in 
practice  which  stationary  liquid  were  selected. 

If,  however,  a  third  substance— benzene,  b.p.  80°C,  Class  IV— were 
present,  the  use  of  a  polar  solvent  from  the  head  of  the  scale  would  be 
preferable.  The  latter  will  induce  a  small  dipole  in  the  slightly  polarizable 
enzene  molecule  and  thus  retain  it  somewhat  more  powerfully  than  the 
a  lphatic  hydrocarbon,  the  order  of  emergence  then  being  2,2-dimethvl- 
pentane,  benzene,  ethanol.  y 


Quantitative  Observations  on  the  Stationary  Liquid 

rhe  Activity  Coefficient.  It  is  recalled  that  in  Chapter  4  the  partition 
coe  icient  i  of  a  solute  was  defined  as  the  ratio  of  the  amount  of  solute  per 
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unit  volume  of  the  liquid  phase  to  the  amount  of  solute  per  unit  volume  of 
the  gas  phase. 

For  ideal  solutions  k  is  independent  of  concentration.  In  practice  k  is 
sometimes  nearly  a  constant  at  very  low  concentrations  (infinitely  dilute 
solutions);  this  fact  is  equivalent  to  the  existence  of  an  almost  linear 
portion  of  the  partition  isotherm. 

For  an  ideal  solution  of  a  volatile  solute  in  a  (nonvolatile)  solvent  Raoult’s 
law  requires  that 

p  =  xp°  (1) 

where  p°  is  the  vapor  pressure  of  the  pure  solute,  x,  the  molecular  fraction 
of  the  solute  in  solution  and  p  the  partial  vapor  pressure  of  the  solute  above 
the  solution. 

As  two  liquids  seldom  form  ideal  solutions  relation  (1)  generally  does  not 
hold.  We  can,  however,  introduce  a  factor  y(x)  having  such  a  value  that  the 
relationship 

P  =  y(x).x.p°  (2) 


is  satisfied,  irrespective  of  whether  the  solution  is  ideal  or  not.  (For  ideal 
solutions  y(x)  =  1  and  Raoult’s  law  applies,  for  dilute  non-ideal  solutions 
y(x)  is  sometimes  a  constant,  which  corresponds  to  Henry’s  law).  The  cor¬ 
rection  factor  y(x),  which  has  been  termed  the  activity  coefficient,  depends 
upon  the  nature  of  the  volatile  component  itself,  and  upon  the  environ¬ 
ment  in  which  this  component  exists.  It  therefore  follows  that  the  quantity 
p/x  and  hence  the  rate  at  which  a  solute  travels  through  a  G.L.C.  column, 
depends  on  the  vapor  pressure  p  of  the  pure  compound  and  on  its  activity 
coefficient  y  in  the  particular  solvent.  The  reason  for  relating  p  in  this  way 
to  the  vapor  pressure  of  the  pure  solute  will  later  become  clear. 

The  partial  pressure,  p,  may  also  be  expressed  in  terms  of  the  total  pres¬ 
sure  P  above  the  solution  and  the  mole  fraction  y  of  the  component  in  the 
gas  phase,  p  =  yP,  hence 

yP  =  x.y.p0  (3) 

For  dilute  solutions  the  ratio  of  the  mole  fractions  x/y  is  related  to  the 
partition  coefficient,  k ,  by: 

k  -  l  .  (4) 

V 


in  which  Nliv.  and  are  the  moles  of  stationary  liquid  and  gas,  respec- 

tively,  per  unit  volume. 

From  Eqs.  (3)  and  (4)  it  follows  that 

P  N  iiq. 


(5) 
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Assuming  that  Boyle’s  law  applies*  to  the  gas  phase  we  may  put  RT  for 
P / iVgas ,  and  we  get: 

k  =  Nu'-R.T.  (6) 

yp0 

In  the  above  manner  k  has  been  formulated  as  an  expression  containing 
a  solvent-dependent  factor,  Nnq.  (moles  of  stationary  liquid  per  unit  vol¬ 
ume),  a  solute-dependent  factor  p°  (vapor  pressure  of  pure  solvent  at  the 
temperature  of  operation)  and  a  factor  y(x)  which  is  dependent  on  both 
the  solute  and  the  solvent.  Porter,  Deal  and  Stross15,  and  Pierotti,  Deal, 
Derr  and  Porter16,  among  others,  have  shown  that  such  a  formulation 
permits  of  a  convenient  treatment  of  solvent  effects  and  partition  coeffi¬ 
cients  in  G.L.C. 

The  expression  for  k  will  now  be  related  to  the  retention  volume  by  means 
of  Eq.  (12),  page  112, 

VR  =  nV  a  +  knV  L  =  Fga8  +  kV  nq. 


which  in  view  of  Eq.  (6)  becomes 


v„  =  7,„  +  .  vu,. 

7  V° 


(7) 


The  assumption  of  a  constant  k  implies  a  constant  y(x)  and  hence  either 
a  constant  concentration  or  a  very  low  concentration.  Neither  of  these 
conditions  is  always  entirely  fulfilled  in  G.L.C. ,  but  the  solute  concentra¬ 
tions  are  usually  so  low  that,  under  certain  conditions  they  can  be  con¬ 
sidered  to  approach  infinite  dilution.  In  this  case  we  speak  of  70,  the  ac¬ 
tivity  coefficient  at  “zero”  concentration,  which  is  a  constant.  It  should, 
however,  be  realized  that  in  a  band  of  solute  in  the  chromatographic  col¬ 
umn  all  concentrations  between  zero  and  the  maximum  concentration 
occur  and  that,  particularly  near  the  column  inlet,  the  assumption  of  con¬ 
stant  7  or  k  is  frequently  quite  unrealistic. 


It  has  been  experimentally  established  (see  Chapter  7)  that  the  reten¬ 
tion  volume  of  a  solute  for  a  particular  column  and  a  particular  solvent  is 
indeed  determined  by  7°  and  pK  This  fact  means  that  the  solid  carrier  in 
G.L.C.  does  not  affect  retention  volumes.  Values  of  k  derived  from  G.L.C. 
experiments  are  true  k  values,  they  do  not  depend  upon  the  solid  support 

on  the  column  dimensions  or  on  column  efficiency  (see  also  Lit  tie  wood’ 
Phillips  and  Price  ). 


Relative  Volatility  of  Two  Solutes.  Let  us  look  further  into  the  ques¬ 
tion  how  the  solvent  affects  the  retention  volume  by  changing  the  partition 
coefficient  t.  The  quantity  is  the  number  of  moles  of  solvent  per 

*  It  would  be  more  correct  to  replace  p>  by  the  fugacityf*  (see  also  Chapter  7). 
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volume,  or  the  reciprocal  of  the  molal  volume,  and  is  thus  purely  a  solvent 
property.  A  change  from  one  solvent  to  another  involves  a  change  in  NU(l. 
and  thus  affects  the  absolute  magnitude  of  k  and  hence  the  retention  vol¬ 
ume. 

For  two  solutes  with  partition  coefficients  hi  and  k2  we  have 


7  0  0 

ki  _  7i  Vi 
ki  72°P2° 


(8) 


We  see  that,  although  iVnq.  affects  k,  it  does  not  affect  the  relative  vola¬ 
tility  a  of  two  solutes. 

The  factors  p°,  the  vapor  pressures  of  the  pure  solutes,  depend  only  on 
the  solute  in  question  and  on  the  temperature.  For  a  given  set  of  com¬ 
ponents  the  values  of  p°,  and  hence  their  effects  are  fixed.  Although  the 
absolute  magnitudes  of  p°  change  rapidly  with  temperature,  the  relative 
values  for  several  components  do  not  change  greatly  as  long  as  their  heats 
of  vaporization  are  similar.  It  is  only  when  large  temperature  changes  are 
involved  (see  Chapter  2)  that  the  relative  values  alter  appreciably. 

We  are  here  again  touching  on  the  problem — already  considered  from 
one  aspect  in  the  first  part  of  this  chapter — how  an  increase  in  temperature 
affects  a  separation  by  G.L.C.  The  foregoing  considerations  on  the  sta¬ 
tionary  liquid  and  the  volatility  of  the  solution  show  that  this  influence 
cannot  be  very  pronounced.  It  is  true  that  at  higher  temperatures  p°  will 
be  higher,  k  correspondingly  lower  and  that  the  plate  capacity  Feff.  (which 
is  proportional  to  V0  +  kVL)  will  also  fall.  However,  we  have  seen  in 
Chapter  4  that  a  column  operates  at  its  maximum  efficiency  as  long  as  the 

size  of  the  sample  is  smaller  than  n* 

The  above,  in  conjunction  with  the  conclusions  reached  in  the  early  part 
of  the  chapter,  denotes  that  a  column  will  not  decrease  in  efficiency  with 
increasing  temperature  if  care  is  taken  that  the  sample  is  always  small, 


viz.,  less  than  \Ven.\/n. 

The  factor  7,  finally,  is  the  only  quantity  which  depends  on  the  chemical 
structure  of  both  the  solvent  and  the  solute.  It  is  thus  the  only  factor  which 
can  greatly  affect  the  relative  magnitude  of  k  or  the  relative  volatilities  of 
the  various  components.  Hence  the  separability  of  components  can  be 
changed  only  through  changes  in  7,  brought  about  by  changes  111  solvent 
type.  Like  AHq.  and  p°,  7  also  affects  the  absolute  values  of  k  and  hence 

the  absolute  retention  volumes.  , 

A  solvent  for  G.L.C.  must  possess  certain  properties  of  stability,  vola¬ 
tility  and  viscosity,  factors  which  principally  affect  the  mechanical  aspects 
of  operation.  However,  the  choice  of  a  satisfactory  solvent  is  primarily  a 
matter  of  choosing  a  material  which  provides  suitable  values  of  7  such  that 


114  and  Chapter  7,  page  183. 


*  See  Chapter  4,  page 
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a  maximum  ratio  of  k  values,  the  relative  volatility,  results  and  thus  ulti¬ 
mately  a  maximum  ratio  of  retention  volumes. 

Before  proceeding  with  the  treatment  of  the  relation  between  7  values 
and  structure  it  may  be  as  well  to  summarize  a  few  points. 

In  the  separation  by  G.L.C.  it  is  primarily  the  relative  volatility  a  of  two 
compounds  that  must  be  considered.  We  have  seen  that  this  value  cannot 
be  affected  by  changes  in  the  molecular  volume  of  the  solvent  and  that  it 
will  normally  not  be  greatly  affected  by  changes  in  temperature. 

The  absolute  magnitude  of  the  k  values  is  also  of  importance  since  it 
affects  the  plate  capacity,  and  hence  the  separation  obtainable  with  a 
sample  of  given  size.  Solvents  of  low  molecular  weight  and  low  tempera¬ 
tures  increase  the  absolute  values  of  k.  Even  though  the  relative  volatility 
of  twro  components  may  in  a  certain  case  be  satisfactory,  the  separation 
can  be  vitiated  by  the  column  inefficiency  due  to  a  small  absolute  value  of 
the  partition  coefficient.  This  influence  can,  however,  frequently  be  offset 
to  a  large  degree  by  a  reduction  in  the  temperature  of  operation  and  a 
decrease  in  sample  size.  Briefly,  therefore,  the  proper  procedure  is  to  choose 
a  solvent  giving  a  satisfactory  relative  volatility  and  then  to  reduce  the 
temperature  to  a  level  at  w?hich  the  value  of  k  is  high  enough. 

We  have  shown  that  three  somewhat  analogous  quantities  may  be  used 
for  characterizing  solute-solvent  systems: 

(1)  Retention  volumes.  These  quantities  depend  on  the  operational 
variables.  (Retention  volumes  relative  to  that  of  a  standard  substance  are, 


howrever,  free  of  most  of  these  variables.  Retention  volumes  may  also  be 
corrected  for  operational  variables  in  the  manner  described  by  Littlewood, 
Phillips  and  Price17  and  are  then  approximately  equivalent  to  k  values.) 

(2)  Partition  coefficients  ( k ).  For  a  given  solute-solvent  system  values  of 
k  are  dependent  on  temperature,  (log  k  is  roughly  a  linear  function  of  1/T.) 

(3)  Activity  coefficients  (preferably  at  infinite  dilution,  70).  These  values 
are  much  less  dependent  on  temperature. 

As  70  can  be  calculated  from  k°  and  p°  and  vice  versa*,  it  is  not  important 
in  the  practice  of  separation  whether  A;  or  7  is  used.  For  discussing  solvent 
effects,  7  is,  howrever,  the  more  suitable  parameter. 

The  treatment  of  non-ideal  solutions  on  the  basis  of  molecular  interac- 
tions  has  only  in  a  few  cases  led  to  a  quantitative  estimation  of  k  and  7 
though  it  has  qualitatively  sometimes  been  useful.  In  the  special  case  of 
regular  solutions”10,  the  Scatchard-Hildebrand  relation  permits  of  a  fairly 
good  estimate  of  7  from  the  energies  of  vaporization  and  molecular  volumes. 

his  relation,  however,  is  not  applicable  to  solutions  of  which  one  or  both 
components  are  polar,  a  type  of  primary  importance  in  G.L.C. 

ihe  need  for  a  more  quantitative  approach  has  led  Pierotti  and  a  number 


*  A°  is  the  value  of  k  at  infinite  dilution. 
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C(n) 


of  co-workers15  -  16  to  develop  a  more  empirical  method  of  correlating  7  with 
structure.  These  investigators  have  determined  activity  coefficients  pre¬ 
vailing  in  a  large  variety  of  binary  mixtures,  so  chosen  that  variations  within 
homologous  series  of  solutes  and  solvents  could  be  systematically  studied. 
Although  much  of  this  work  has  involved  solvents  of  volatilities  too  high 
to  be  of  direct  interest  for  G.L.C.,  certain  regularities  in  behavior  are  more 
broadly  applicable  and  are  worthy  of  note.  In  a  book  of  this  scope  it  is  not 
possible  to  enter  into  details  of  Pierotti’s  method;  the  interested  reader 
is  referred  to  the  publications  quoted.  The  present  account  must  therefore 
be  confined  to  a  brief  description  of  the  principles  of  the  method,  which 
constitutes  a  development  and  extension  of  procedures  suggested  pre¬ 
viously18,  19 ' 20. 

Pierotti’s  “Building  Block”  Method.  Pierotti  et  al.  drew  up  a  semi- 
empirical  model  in  which  the  quantity  RT  log  70,  the  so-called  “partial 
molal  excess-free  energy”*  of  a  solute  at  infinite  dilution  is  considered  as 
the  sum  of  several  terms,  each  of  which  is  associated  with  a  pair  of  charac¬ 
teristic  groups  of  the  solute  and  the  solvent  molecules. 

Consider  a  solute  molecule  RX  at  infinite  dilution  in  a  solvent  R  Y,  R 
and  R'  being  homologous  alkyl  groups,  X  and  Y  functional  groups.  The 
interactions  (the  sum  of  which  constitutes  log  70)  between  these  “building 


blocks”  are  shown  in  Figure  6.5. 

The  interaction  between  the  functional  groups  X  and  Y  will  be  a  more 
or  less  constant  term,  A,  to  some  extent  influenced  by  the  number  of  car¬ 
bon  atoms  n  and  »'  in  R  and  R' .  The  interaction  between  R  and  R  will  be 
a  function  of  n  and  n!  and  likewise  the  interactions  R-Y  and  R'-X. 

By  means  of  experimental  data  obtained  from  phase  equilibrium  meas- 
urements  (vapor-liquid,  liquid-liquid,  and  liquid-solid)  the  type  of  function 
was  in  each  case  established  by  first  taking  simple  pains  such  as  two  paiaf- 
finic  hydrocarbons,  where  only  the  interaction  R-R’  -  /(«,  »  )  is  involve  , 


*  Note  that  at  7  =  1,  RT  1°B  t 


0,  hence  the  term  excess  free  energy  for  non 


ideal  solutions. 
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since  no  functional  groups  are  present.  After  the  R-R'  term  had  been  estab¬ 
lished  for  numerous  hydrocarbon  pairs,  the  values  obtained  were  then  used 
for  handling  the  next  more  complicated  case  of  a  hydrocarbon  RH  in  a 
solvent  R'Y.  Proceeding  in  this  way  Pierotti  et  al.  described  the  various 
functions  constituting  log  70  for  the  solute  RX  in  the  solvent  R  1  by 


n  representing  the  number  of  CH2  or  CH3  groups  in  the  solute,  n  the  num¬ 
ber  of  such  groups  in  the  solvent,  and  A,  B,  C,  D  and  F  being  coefficients. 
D  is  a  constant,  expressing  the  interaction  between  methyl  or  methylene 
groups  in  the  two  types  of  molecules,  and  it  is  independent  of  the  nature  of 
both  the  solute  and  the  solvent  functional  groups.  C  and  C'  are  constants 
characteristic  of  the  solute  functional  group  X  and  apply  to  an  entire 
homologous  series  of  solutes.  F,  F'  and  B  are  characteristic  of  a  solvent 
functional  group  and  apply  to  an  entire  homologous  series  of  solvents.  A  is 
characteristic  of  both  the  solute  and  the  solvent  functional  groups.  (The 
coefficient  E,  characteristic  of  the  R'-X  interaction,  is  usually  found  to  be 
negligible  and  is  here  included  in  the  A  term.)  The  application  of  this 
complex  equation  to  a  few  special  cases  will  now  be  discussed. 

Homologous  series  of  solutes  in  a  'particular  solvent. 

In  this  case  n'  is  constant,  as  is  also  the  F  term.  The  B  term  is  a  function 
of  n  only.  For  a  series  of  paraffins,  for  instance,  we  have  no  X  functional 
group,  and  thus  the  A  and  C  terms  drop  out.  The  equation  now  simplifies 
to 


log  70  =  K' par.  +  5par.n  -f -  D(n  —  n')2 


(10) 


For  the  homologous  series  of  n-alkanes  up  to  C30  the  experimentally  deter¬ 
mined  values  of  log  7  have  been  plotted  in  Figure  6.6A  against  the  number 
of  C  atoms,  for  the  (volatile)  solvents  n-heptane,  methyl  ethyl  ketone, 
phenol,  triethylene  glycol  and  water,  respectively.  For  any  given  solvent, 
n  is  constant  and  all  constant  terms  have  been  grouped  in  K'p&t 
We  now  may  write 


log  70  =  A'par,  +  Bpar.n 


(ID 


the  contribution  of  the  term  D(n  -  n')2  being  so  small  that  log  70  may  be 
represented  for  most  purposes  by  a  straight  line  of  slope  5par.  ,  the  latter 
being  characteristic  for  the  solvent.  For  n-heptane  as  the  solvent  B  equals 
zero  and  a  nearly  constant  value  of  70  (approx.  1^  results 
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Figure  6.6A.  n-Alkanes  in  various  solvents.  (After  Pierotti  et  al.).  Figure  6B. 

Alkylbenzenes  in  various  solvents.  (After  Pierotti  et  al.). 

1  n-Heptane  at  90°C 

2  Methyl  ethyl  ketone  at  90°C 

3  Phenol  at  90°C 

4  Triethylene  glycol  at  90°C 

5  Water  at  25°C 


curvature  for  the  lower  aromatics.  The  curves  are  thus  again  essentially 
straight  lines  with  a  slope  determined  by  the  same  Z?par.  values  found  for 
the  paraffins  (see  Figure  6.6B). 

It  is  of  interest  to  note  that  chain  branching  has  been  found  to  have  only 
second-order  effects  upon  7  so  that  the  curves  also  represent  branched-chain 
hydrocarbons.  Table  6.5  shows  the  various  coefficients  for  paraffins  and 
alkylbenzenes  in  the  solvents  employed. 

Homologous  series  of  solutes  in  homologous  series  of  solvents. 

Eq.  9  is  rearranged  to 


log  7 


•-[ 


A  + 


n 


'  +  F'J 


I  Bn  I  ( 

+  V+n  +  C 


7  +  D{n  -  nf  (12) 


If  we  study  the  change  of  the  B  term  for  a  homologous  series  of  solvents,  it 
is  found  that  this  term  varies  linearly  with  the  reciprocal  of  the  carbon  num¬ 
ber  For  large  carbon  numbers  the  term  approaches  zero,  which  actually 
is  the  value  for  heptane.  This  term  thus  depends  upon  the  concentration  ot 
functional  group  in  the  solvent  molecule  and  is  independent  of  the  so  11  e. 
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Table  6.5.  Constants  for  Activity  Coefficient  Correlations  at  90  C 
Solutes:  Paraffins  and  alkylbenzenes  (Pierotti  et  al.) _ 


Solvent: 

Heptane 

Methyl  Ethyl 
Ketone 

Phenol 

Triethylene 

Glycol 

Water  (25°C) 

0 

0.330 

0.620 

0.680 

0.69 

Kb 

0.202 

0.239 

0.420 

0.730 

3.55 

0 

1.019 

0.058 

0.134 

0.63 

C 

-0.350 

-0.350 

-0.350 

-0.350 

(0.466) 

C' 

-4 

-4 

-4 

-4 

-4 

D 

-0.0006 

-0.0006 

-0.0006 

-0.0006 

' 

Likewise  the  term 


_£_1 

n'  +  F'J 


is  experimentally  found  to  depend  on  1  /n  or  the  concentration  of  the 
functional  group.  Thus  when  one  takes  any  solute  and  varies  the  solvent 
structure  by  increasing  the  carbon  number,  the  terms  characteristic  of  the 
solvent  groups  change  in  this  regular  manner. 

A  hypothetical  example: 

In  order  to  illustrate  how  solvent  effects  can  be  utilized  in  G.L.C.  separa¬ 
tions,  the  partition  coefficients  for  a  homologous  series  of  paraffins  and  al¬ 
kylbenzenes  have  been  estimated  for  three  type  cases: 

(1)  a  hypothetical  solvent,  forming  ideal  solutions  with  all  components, 

(2)  a  non-polar  solvent  (a  C30  paraffin),  which  gives  negative  deviations 


from  ideal  behavior, 

(3)  a  polar  solvent,  triethylene  glycol,  giving  large  positive  deviations. 
The  log  k  versus  n  plot  at  90°C  for  these  three  cases  is  given  in  Figure  6.7. 
In  the  case  of  the  ideal  solvent,  differences  in  k  arise  solely  from  differ¬ 
ences  in  vapor  pressures  of  the  solutes  and  separations  with  such  a  solvent 
are  thus  based  on  solute  boiling  points.  The  relative  volatility  of  two  suc¬ 
cessive  paraffins  or  aromatics  is  about  2.25,  that  of  a  paraffin  relative  to 
the  aromatic  of  the  same  carbon  number  about  1.25.  We  also  can  say  that 
paraffins  have  the  same  volatility  as  aromatics  which  are  only  0.3  lower  in 
carbon  number.  In  the  case  of  the  C30  paraffin  as  solvent  the  separation  of 
successive  paraffins  or  successive  aromatics  is  again  controlled  by  p°  effects 
and  ,s  thus  according  to  boiling  points.  Values  of  partition  coefficients  are 
slightly  lower  than  in  the  ideal  case,  primarily  because  Nu,  for  this  high 
molecular-weight  solvent  is  lower  than  that  assumed  in  the  ideal  case 
In  the  case  of  the  polar  solvent  the  value  effects  predominate  and  re- 
t  in  a  considerable  change  in  the  possible  separations.  Relative  volatili¬ 
ties  of  successive  paraffins  or  aromatics  are  still  high,  but  only  1.7  as  com- 
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pared  to  2.25  in  the  ideal  case.  However,  the  separation  of  types  having 
equal  carbon  numbers  is  now  very  easy,  the  relative  volatility  being  9. 
As  a  result  of  the  spreading  of  the  curves  together  with  the  decrease  in  slope, 
the  carbon  number  spread  for  equal  volatility  has  now  become  5  as  com¬ 
pared  to  0.3  only  in  the  ideal  case.  Values  of  k  are  markedly  lower  than  in 
the  ideal  case,  a  result  primarily  of  the  70  effect. 

The  high  70  values  for  polar  solvents  lead  to  low  absolute  partition  coeffi¬ 
cients  or  to  low  emergence  volumes.  Thus  polar  solvents  may  make  it  neces¬ 
sary  to  lower  the  temperature  and  work  with  extremely  small  samples. 

A  much  wider  choice  of  effective  solvents  is  involved  in  the  separation  of 
moderately  polar  compounds  such  as  alcohols,  ketones,  esters,  etc.  We  will 
discuss  as  an  example  the  separation  of  a  mixture  of  acetone,  diisopropyl 
ether,  methyl  ethyl  ketone,  isopropyl  alcohol  and  secondary  butyl  alcohol, 
which  would  emerge  in  the  same  order  (that  of  their  boiling  points)  from 
an  ideal  solvent.  Such  a  solvent,  of  course,  does  not  exist,  because  the  com¬ 
pounds  themselves  cover  a  wider  range  of  polarity. 

From  a  paraffinic  oil,  in  which  the  relatively  polar  compound  isopropyl 
alcohol  has  a  high  70  value,  it  emerges  soon  after  acetone,  which  boils  25°C 
lower.  The  ether,  having  a  small  dipole  only,  is  retarded  and  emerges  closely 
adjacent  to  secondary  butyl  alcohol.  Only  methyl  ethyl  ketone  comes  out 
well-separated  from  the  other  components. 


Figure  6.7.  Several  solvent  cases.  (After  Pierotti  et  al.). 

1.  Ideal  solvent  (Niiq.  =  10) 

2.  C30  paraffin  solvent 

3.  Triethylene  glycol  solvent 
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In  a  moderately  polar  solvent,  dinonyl  phthalate,  the  ether  has  a  higher 
7°  value  than  before  and  moves  up  near  isopropyl  alcohol,  which  now  is 
separated  from  acetone. 

Finally  with  a  highly  polar  solvent,  diglycerol,  the  ether  emerges  first, 
isopropyl  alcohol  is  retarded,  but  the  ketones  come  out  relatively  close 
together. 

The  choice  of  the  best  solvent  thus  depends  upon  what  objectives  are  in 
view.  There  may  be  no  single  solvent  which  will  achieve  a  complete  separa¬ 
tion  of  all  components,  but  consideration  of  the  70  and  p°  factors  will  greatly 
aid  in  a  more  quantitative  orientation. 

Identification  Plots.  Let  us  consider  the  activity  coefficients  of  a  ho¬ 
mologous  series  of  solutes  in  two  different  solvents  A  and  B.  In  the  equa¬ 
tion  for  log  7,  C  is  dependent  on  the  functional  group  of  the  solute  and  is 
thus  here  a  constant;  the  F  term  is  a  constant  for  each  solvent  case,  the  D 
term  is  small.  Grouping  the  constant  terms  into  one  constant  we  find: 

log  7a°  =  Ka'  +  n  and  log  y*°  =  Kb'  +  (jp)  n  (13) 
Since 


k  = 


Nn^RT 

7  °p° 


log  kA  =  -  log  p°  +  log  RTNA  -  K/  - 


B, 


n 


(6) 

(14) 


and 


log  kB  =  -  log  p"  +  log  RTNb  -  Ks  -  (?A 


n 


(15) 


which  leads  to 


log  k,  =  K"  +  ( 


\ w ) log  kA 


(16) 


A  plot  of  log  kA  (i.e.,  the  k  value  in  solvent  A)  against  log  KB  for  the  mem¬ 
bers  of  a  homologous  series  is  linear  and  the  slopes  are  the  same  for  all 
homologous  series,  since  the  factors  in  BBnA/BAnB  are  characteristic  only 
of  the  two  solvents  (see  Fig.  2.6,  p.  30).  Such  a  figure  provides  a  clear  de¬ 
scription  of  the  differences  in  separation  obtainable  by  the  two  solvents 
For  instance,  any  horizontal  line  in  Fig.  2.6  (p.  30)  shows  those  compounds 

which  are  inseparable  by  diisodecyl  phthalate,  while  a  vertical  line  shows 
the  same  for  tnol. 

Before  concluding  this  chapter  we  must  point  out  that  the  above  discus¬ 
sions  apply  to  solutions  which  do  not  form  co-ordination  or  other  loose 
complexes  with  the  components  to  be  separated.  This  very  important  field 
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of  complexes  is  one  which  has  been  hardly  explored;  furthermore,  it  is  one 
that  is  not  susceptible  to  a  general  treatment.  However,  when  a  difficult 
separation  is  encountered  one  should  always  be  alert  to  the  possibilities  of 
the  reversible  formation  of  a  molecular  complex  or  loose  adduct  between 
solute  and  solvent,  as  in  the  case  of  picric  acid-fluorene  and  silver  nitrate 
solutions  discussed  in  Chapter  2. 
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Chapter  7 

"SPECIAL”  APPLICATIONS  OF  G.L.C. 


This  chapter  will  be  devoted  to  some  applications  of  the  theories  of 
G.L.C.  developed  in  the  previous  chapters. 

Firstly,  the  determination  of  certain  parameters  entering  into  the  theory 
of  solutions  will  be  dealth  with;  this  treatment  more  or  less  forms  a  contin¬ 
uation  of  that  developed  in  Chapter  6.  Secondly,  the  evaluation  of  chro¬ 
matographic  columns  will  be  considered;  this  is  a  subject  of  importance  for 
constructing  equipment  capable  of  performing  difficult  separations. 


The  Determination  of  Solution  Parameters 

The  fact  that  G.L.C.  is  more  than  a  powerful  analytical  tool  was  fully 
recognized  by  its  inventors.  In  concluding  a  review  of  the  work  he  had 
carried  out  with  James,  Martin1  wrote  the  following  words: 

^The  method  provides  perhaps  the  easiest  of  all  means  of  studying  the 
thermodynamics  of  the  interaction  of  a  volatile  solute  with  a  non-volatile 
solvent,  and  its  potential  value  for  providing  this  type  of  data  should  be 
very  great.  ”1 

A  number  of  more  recent  publications2  - 3- 4- 5- 6  shows  that  the  interest 
in  this  non-analytical  application  is  rapidly  growing. 

As  we  have  seen,  a  satisfactory  method  of  describing  the  behavior  of 
solutions  is  to  start  from  the  simple  theory  of  ideal  solutions  and  to  consider 
the  deviations  from  ideality.  In  the  case  of  systems  involving  volatile  com¬ 
ponents  an  obvious  line  of  attack,  which  has  already  been  discussed,  is  to 
measure  the  effective  vapor  pressure  in  its  relation  to  the  concentration  of 
the  components  in  the  liquid  mixture,  and  to  derive  the  activity  coefficients 
7-  Measurements  of  this  kind,  if  carried  out  by  the  “classical”  methods, 
require  a  high  degree  of  experimental  precision  and  are  very  laborious;  con¬ 
sequently  but  few  reliable  figures  have  been  determined  by  such  means 
(See,  however  7- 8- 9.) 

Vapor  pressure  measurements  on  solutions  of  a  volatile  solute  at  very 
low  concentrations  in  a  virtually  non-volatile  solvent  appear  to  be  especially 
difficult  to  carry  out.  It  is  precisely  these  figures,  however,  that  are  of  the 
greatest  value  not  only  from  a  theoretical  aspect,  but  also  on  account  of 
their  obvious  bearing  on  practical  separations  by  gas  chromatography  It 
has  now  been  found*.  “• 6,  as  predicted  by  Martin,  that  G.L.C.  provides  a 
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rapid  means  of  obtaining  such  data  with  much  less  trouble  than  required  in 
the  older  methods. 

In  discussing  the  practical  procedures  of  determining  figures  for  ef¬ 
fective  vapor  pressures  or  Henry  coefficients  from  chromatographic  dia¬ 
grams,  we  shall  first  confine  the  treatment  to  systems  departing  from 
ideality  which  can  be  treated  as  “infinitely  dilute”  solutions.  For  these  sys¬ 
tems  the  region  of  low  concentrations  of  the  partition  isotherms  can  be  ap¬ 
proximated  by  the  tangent  to  the  isotherm  in  the  origin,  so  that  a  constant 
value  of  7  may  be  assumed  to  exist;  the  elution  curves  are  then  highly 
symmetric,  at  all  events  for  small  concentrations  of  the  solute.  Subse¬ 
quently  a  procedure  will  be  suggested  for  systems  that  do  not  have  these 
properties  and  consequently  produce  noticeably  asymmetric  elution  curves. 

Calculation  of  70  from  Symmetric  Elution  Curves 

The  following  quantities  are  determined: 

(a)  The  volumetric  gas  and  liquid  hold-up  of  the  chromatographic  col¬ 
umn,  yga8  and  V iiq .  ,  respectively,  at  the  temperature  prevailing  in  the 
column.  These  quantities  can  be  found  directly  from  the  volume  of  the 
empty  column,  the  skeleton  density  of  the  support,  the  weight  of  the  sup¬ 
port  and  that  of  the  stationary  liquid,  and  the  density  of  the  latter  (see  p. 
181).  (The  quantity  Fgas  can,  however,  also  conveniently  be  measured  from 
the  distance  10  in  Figure  1.4  (p.  16),  correcting  for  the  dead  space  from 
column  to  detector  and  converting  to  average  column  pressure.) 

(b)  The  retention  volume  VR°  of  the  solute.  This  quantity  is  obtained  by 
converting  the  distance  IG  (Figure  1.4)  to  the  volume  of  (dry)  gas  at 
column  temperature  and  average  column  pressure  (see  Chapter  5  for  the 
conversion) . 

From  these  values  we  then  calculate 

(c)  the  partition  coefficient  k,  by  means  of  formula  (12),  page  112 

Fft°  =  Fgae  +  kV  liq. 


and  finally  we  obtain : 

(d)  70  either  in  the  form  of  7/  or  7/  from  formula  (6),  page  161 


k  = 


Nu«.RT 

7  p°-P° 


or 


k  = 


jVliq.RT 

7  A  f° 


where  f°  is  the  fugacity  of  the  solute  at  temperature  T. 

Generally  speaking,  values  of  y„°  are  more  readily  accessible  than  those 
of  Yr°  Since  accurate  vapor  pressure  data  are  avadable  for  many  volatile 
solutes  (see  for  instance  API  project  No.  44'°),  while  fugacity  date  are 
scarce,  though  they  are  known  for  most  volatile  hydrocarbons.  It  should, 
however  be  observed  that  the  quantity  7/  is  not  a  true  measure 
imperfection  in  solution  only,  but  rather  a  measure  of  the  combined  imper- 


SPECIAL  APPLICATIONS 


173 


fections  in  gas  and  solution.  Experimentally  it  has  been  found  that  in 
many  cases  the  quantity  yp°  is  more  sensitive  to  changes  in  temperature 

thftn  7  A  11 

Values  of  7/,  derived  from  normal  G.L.C.  analyses*  with  very  small 

samples,  have  been  listed  in  Table  7.1.  The  values  of  were  calculated 
from  the  Antoine  equations  (API  Project  No.  44) 10  and  converted  into 
fugacities  f°  by  means  of  the  fugacity  coefficients.  The  latter  were  ob¬ 
tained  from  Maxwell’s11  data  book  on  hydrocarbons,  and  the  critical  data 
necessary  for  their  calculation  from  API  Project  44. 

The  question  whether  values  of  70  obtained  from  G.L.C.  measurements 
are  sound  and  do  not  depend  upon  such  operational  factors  as  the  nature 
of  the  support,  the  rate  of  gas  flow,  the  amount  of  stationary  liquid,  etc., 
has  already  been  answered  by  Porter  et  al .5  and  Pierotti  et  al 6  in  the  positive 
sense.  There  are  no  data  available,  for  comparison  with  Table  7.1,  on  ac¬ 
tivity  coefficients  determined  from  direct  vapor  pressure  measurements  at 
exactly  the  same  temperatures.  However,  if  the  figures  in  this  table  are 
compared  with  the  values  calculated  by  the  relation  of  Brpnsted  and  Koe- 
foed7  for  20°C  and  with  those  found  by  van  der  Waals8  at  72°C  (as  has  been 
done  in  Table  7.2  for  n-heptane  in  four  normal  paraffins),  it  will  be  found 
that  a  satisfactory  agreement  exists. 

Table  7.2  gives  rise  to  the  following  comments. 

(a)  Though  7/  must  vary  with  temperature,  this  variation  is  apparently 
very  slight;  the  figures  are  not  sufficiently  accurate  to  show  this  effect. 

Bosanquet  and  Morgan12  have  calculated  the  heat  of  solution  of  propane 
and  of  propene  in  triisobutene  from  G.L.C.  measurements  and  have  ob¬ 
served  that  this  quantity  is  virtually  equal  to  the  heat  of  vaporization  of  the 
solutes.  This  fact  supports  the  smallness  of  the  effect  of  temperature  on  70. 
Deviations  from  ideality  in  systems  of  aliphatic  hydrocarbons  seem  to  be 
caused  mainly  by  the  entropy  of  mixing  as  a  consequence  of  the  difference 
in  size  of  the  molecules  of  solute  and  solvent.  (It  should  be  observed  that 
values  of  7/  are  more  temperature-sensitive  because  of  imperfection  of  the 
vapors.) 

(b)  As  regards  the  values  of  70  calculated  by  means  of  the  Brpnsted  re¬ 
lation,  it  should  be  noted  that  this  formula  is  only  intended  for  hydrocar¬ 
bons  up  to  Cie .  This  fact  was  expressly  pointed  out  in  the  author’s  paper: 

Although  this  formula,  as  we  are  now  justified  in  assuming,  holds  very 
closely  for  systems  of  n-paraffins  from  n  =  6  to  n  =  16,  it  is  obvious  that 
it  cannot  hold  for  an  unlimited  increase  in  the  chain  length.  Further 

measurements  are  therefore  required  to  test  the  formula  outside  these 
limits.” 

Ihe  data  in  the  table  indicate  that  the  values  calculated  by  Brpnsted’s 
cation.0^  ^  R°yal'Dutch/She11  Laboratory,  Amsterdam,  in  preparation  for  publi- 


174 


GAS  CHROMATOGRAPHY 


Table  7.1.  "Values  of  7/0  from  G.L.C.  Data  for  a  Number  of  Volatile 
Hydrocarbons  in  Various  Nonvolatile  Hydrocarbon  Solvents 


n-Pentane 

n-Hexane 

n-Heptane 

n-Octane 

Isopentane 
2 , 2-Dimethylbutane 

Cyclopentane 

Methylcyclopentane 

Cyclohexane 

Methylcyclohexane 

Benzene 

Toluene 

Ethylbenzene 

Paraxylene 


n-Pentane 

n-Hexane 

n-Heptane 

n-Octane 

Isopentane 
2 , 2-Dimethylbutane 

Cyclopentane 

Methylcyclopentane 

Cyclohexane 

Methylcyclohexane 

Benzene 

Toluene 

Ethylbenzene 

Paraxylene 


Solvent:  n-Hexadecane  Solvent:  »-Tetracosane 


30°C 

60°  C 

60°  C 

80°C 

105°C 

0.88 

0.87 

0.71 

0.74 

0.74 

0.89 

0.88 

0.72 

0.73 

0.73 

— 

0.89 

0.73 

0.73 

0.73 

— 

— 

0.74 

0.74 

0.73 

0.92 

0.90 

0.73 

0.73 

0.73 

0.93 

0.91 

0.75 

0.76 

0.77 

0.74 

0.72 

0.56 

0.58 

0.57 

0.78 

0.77 

0.61 

0.61 

0.62 

0.77 

0.75 

0.58 

0.58 

0.57 

— 

0.77 

0.60 

0.60 

0.58 

— 

0.90 

0.64 

0.63 

0.60 

— 

0.89 

0.64 

0.64 

0.62 

— 

— 

— 

0.69 

0.66 

— 

— 

— 

0.64 

0.63 

Solvent: 

Pentatriacontane 

Solvent: 
Squalane  (C10) 

Solvent: 

Squalane  +  10% 
Fluoranthene 

80°C 

105°C 

80°C 

105°C 

80°C 

105°C 

0.62 

0.62 

0.67 

0.66 

0.76 

0.75 

0.61 

0.62 

0.66 

0.65 

0.74 

0.75 

0.63 

0.63 

0.68 

0.66 

0.75 

0.74 

0.65 

0.64 

0.70 

0.68 

0.77 

0.76 

0.62 

0.62 

0.66 

0.67 

0.76 

0.73 

0.64 

0.64 

0.68 

0.70 

0.79 

0.79 

0.48 

0.46 

0.52 

0.49 

0.58 

0.57 

0.50 

0.50 

0.55 

0.54 

0.61 

0.61 

0.48 

0.46 

0.52 

0.50 

0.58 

0.57 

0.50 

0.49 

0.54 

0.53 

0.60 

0.60 

0.51 

0.49 

0.59 

0.56 

0.65 

0.61 

0.52 

0.50 

0.61 

0.58 

0.66 

0.63 

0.56 

0.55 

0.65 

0.62 

0.71 

0.67 

0.52 

0.52 

0.62 

0.60 

0.67 

0.64 

Experimental  conditions:  Columns:  1800  mm  or  3600  mm  x  6  mm  coiled  copper. 

Support:  30/50  Sterchamol  fire-brick. 

Carrier  gas:  nitrogen  or  hydrogen. 

Weight  ratio:  liquid/support  20/100  and  30/100. 

Gas  rate:  60  ml/min. 


Samples  appr.  3  mg. 
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Table  7.2.  Activity  Coefficients  (*,•)  OF  b-Heptane  in  r-Paraffins 


Source 

Temperature,  °C 

0  p 

0 

b 

72° 

30° 

60° 

80° 

105° 

Solvent: 

n-Hexadecane  (Ci6) 
n-Tetracosane  (C24) 
n-Dotriacontane  (C32) 
n-Pentatriacontane  (C35) 

0.91 

(0.73) 

(0.50) 

(0.42) 

0.67 

0.91 

0.73 

(0.67)* 

0.73 

0.63 

0.73 

0.63 

*  By  interpolation. 

(a)  Calculated  from  the  Brpnsted-Koefoed  relation  for  20°C,  log  y°  =  -0.00048  X 
(n  -  n')2,  n  and  n'  being,  as  in  Eq.  (9)  (p.  165),  the  number  of  CH2  or  CH3  groups 
in  the  solute  and  solvent  molecules,  respectively. 

(b)  Measured  by  van  der  Waals. 

(c)  Calculated  from  G.L.C.  data  (Table  7.1). 

formula  for  n-heptane  in  dotriacontane  and  solvents  of  higher  molecular 
weight  are  too  low. 

The  general  impression  gained  from  the  table  is  that  the  values  obtained 
by  G.L.C.  are  reliable.  The  figures  quoted  cannot,  however,  pretend  to  be 
highly  accurate,  since  they  were  derived  from  incidental  analyses  carried 
out  for  other  purposes.  There  is  no  reason  why  a  greater  accuracy  should 
not  be  obtainable  by  means  of  special  experiments  in  which  particular  care 
is  taken  in  the  control  of  the  essential  operational  parameters. 

The  data  of  Table  7.1  show  that  within  the  system  of  aliphatic  hydro¬ 
carbons,  which  frequently  have  been  regarded  to  form  almost  ideal  solu¬ 
tions,  appreciable  deviations  from  ideality  occur  and  that  they  do  not 
even  constitute  “regular”  solutions  according  to  Hildebrand.  It  is  further 
interesting  to  note  that  the  addition  of  10  per  cent  of  an  aromatic  to  a  C30 
paraffin  affects  the  magnitude  of  the  activity  coefficients  considerably.  This 
fact  suggests  the  use  of  G.L.C.  for  characterizing  a  nonvolatile  solvent  of 
great  complexity  (as  for  instance  a  mineral  oil  fraction)  by  the  activity 
coefficients  of  a  number  of  suitably  chosen  volatile  solutes. 

Calculation  of  70  from  Asymmetric  Elution  Curves 

In  the  above-mentioned  cases  the  determination  of  activity  coefficients 
is  simplified  by  the  fact  that  the  systems  in  question  can  be  considered  as 
infinitely  dilute  solutions  and  that  in  practice  linear  partition  isotherms 
may  be  postulated.  If,  however,  solute  and  solvent  differ  largely  in  polarity, 
the  assumption  of  a  linear  part  of  the  partition  isotherm  is  not  permissible' 
even  not  for  the  low  concentrations  encountered  in  gas  chromatography- 
hence  the  retention  volumes,  partition  coefficients  and  activity  coefficients 
depend  on  the  solute  concentration,  which  decreases  continuously  from 
co  umn  inlet  to  column  outlet.  Values  of  70  for  a  number  of  systems  depart- 
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Table  7.3.  Values  of  7j°  Calculated  from  Partition  Coefficients 
Measured  by  Porter,  Deal  and  Stross  for  Various  Solutes 

in  Diisodecylphthalate 


75°C 

95°C 

105°C 

115°C 

135°C 

n-Hexane 

— 

0.92 

0.94 

n-Heptane 

1.01 

0.97 

0.96 

0.98 

0.90 

n-Octane 

1.07 

0.99 

1.00 

0.99 

0.94 

n- Nonane 

— 

1.10 

1.09 

1.07 

Methylcyclopentane 

0.74 

0.75 

0.72 

0.70 

0.65 

Cyclohexane 

— 

0.66 

0.65 

0.69 

- 

Methyl  cyclohexane 

0.75 

0.72 

0.71 

0.71 

0.67 

Toluene 

— 

0.49 

0.53 

0.48 

— 

Methanol 

— 

1.37 

1.24 

. 

_ 

Ethanol 

— 

1.34 

1.16 

— 

— 

Propanol-1 

1.42 

1.22 

1.05 

(1.05) 

0.87 

Butanol-1 

1.43 

1.08 

0.96 

0.86 

0.78 

Propanol-2 

— 

1.16 

1.04 

— 

— 

2-Methyl  2-butanol 

0.97 

0.83 

0.79 

0.75 

0.66 

3-Methyl  2-butanol 

0.98 

0.86 

0.78 

0.76 

0.71 

ing  slightly  more  from  ideality  than  those  of  Table  7.1  have  been  calcu¬ 
lated  by  the  writer  according  to  the  normal  procedure  from  partition  coeffi¬ 
cient  measurements  published  by  various  investigators8’ 13.  These  data 
(Tables  7.3  and  7.4)  are  chiefly  included  for  purposes  of  comparison.  On 
account  of  the  departures  from  ideality  and  the  consequent  asymmetry  of 
the  elution  curves  they  do  not  represent  the  highest  attainable  accuracy. 

The  writer  has  evolved  a  procedure  for  calculating  values  of  70  in  the 
case  of  very  imperfect  systems.  Though  this  procedure  has  not  yet  been 
extensively  verified,  it  appears  to  yield  figures  but  slightly  less  accurate 
than  those  obtained  for  ideally  dilute  solutions.  The  suggested  method  relies 
mainly  upon  experimental  observations  and  may  be  described  as  follows. 

It  has  been  found  that  in  asymmetric  elution  curves  the  location  of  the 
peak  maximum  is  a  function  of  the  sample  size  of  the  solute  (see  for  in¬ 
stance  Littlewood,  Phillips  and  Price2).  In  many  cases  of  asymmetry  either 
the  “initial”  or  “final”  retention  volume  (distances  OA  or  OB  in  Figure 
1.4,  p.  16)  appear  to  be  independent  of  the  charge.  (See  also  Pollard  and 
Hardy14.)  This  behavior  is  not  unexpected,  since  the  initial  or  final  retention 
volume  in  question  refers  to  the  rate  of  motion  of  a  zone  of  very  low  con¬ 
centration  and  such  a  zone  is  always  present  in  a  solute  band  with  diffuse 
edges.  A  zone  of  low  concentration  will  move  at  constant  speed.  In  systems 
involving  7  values  lower  than  unity  this  zone  will  be  found  at  the  rear  of  a 
band  and  hence  the  final  retention  volume  is  almost  constant;  in  systems 


SPECIAL  APPLICATIONS 


177 


Table  7  4  Values  of  V  Calculated  from  Partition  Coefficients  Measured 
BY  ADLARD  AT  10O-C  FOR  VARIOUS  SOLUTES  IN  PoLYETIIYLENe  GLYCOL 
(P.E.G.  400),  Methoxy-P.E.G.  350  and  Polypropylene  Glycol  445 

Solvent 
Methoxy 


n-Pentane 

n-Hexane 

n-Heptane 

n-Octane 

n-Decane 

Benzene 

Toluene 

m-Xylene 

o-Xylene 

Mesitylene 

Methanol 

Ethanol 

n-Propanol 

n-Butanol 

n-Pentanol 

Acetone 

Methyl  ethyl  ketone 
Methyl  isopropyl  ketone 
Diethyl  ketone 
Methyl  isobutyl  ketone 

Ethyl  acetate 
n-Propyl  acetate 
n-Butyl  acetate 


4.661 

2.853 

1.307 

6.207 

3.667 

1.474 

7.790 

4.605 

1.674 

10.138 

5.582 

1.921 

17.225 

8.318 

— 

0.868 

0.671 

0.501 

1.226 

0.900 

0.613 

1.710 

1.181 

0.744 

1.550 

1.096 

0.714 

2.352 

1.553 

0.902 

0.423 

0.454 

0.412 

0.553 

0.564 

0.494 

0.640 

0.593 

0.496 

0.753 

0.666 

0.518 

0.852 

0.708 

0.520 

1.159 

0.629 

0.569 

1.214 

0.765 

0.626 

1.489 

0.935 

0.679 

1.380 

0.905 

0.665 

1.727 

1.114 

0.767 

1.031 

0.839 

0.603 

1.325 

1.012 

0.671 

1.752 

1.234 

0.776 

with  a  7  greater  than  1  the  initial  retention  volume  is  nearly  constant. 
(It  is  assumed  that  samples  are  charged  as  a  small  plug.) 

The  calculation  of  70  from  asymmetric  curves  will  become  possible  if  the 
peak  maximum  of  the  hypothetical  zone  of  low  concentration  can  be  de¬ 
termined.  The  peak  width  of  such  a  zone  can  be  found  by  the  following  pro¬ 
cedure  of  extrapolation. 

Elution  curves  are  determined  for  at  least  three  small  samples  of  dif¬ 
ferent  size.  (At  the  same  time  it  is  verified  that  the  retention  volume  OA  or 
OB  is  actually  constant.)  From  each  of  these  curves  the  “effective”  number 
of  plates  is  then  calculated  by  means  of  formula  (13a)  (p.  113).  (The  num¬ 
ber  of  plates  decreases  with  increasing  sample  size.)  In  each  case  the 
[H.E.T.P.]eff.  is  next  computed  and  plotted  against  sample  size.  Experi¬ 
mentally  it  has  been  found  that  an  almost  straight  line  is  obtained,  which 
can  be  extrapolated  to  sample  size  zero.  The  number  of  plates  at  sample 
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size  zero  is  then  calculated  and  from  the  number  of  plates  the  peak  width 
with  the  aid  of  formula  (13a)  (p.  113).  The  location  of  the  peak  maximum 
is  iound  by  adding  or  subtracting  half  the  hypothetical  peak  width  either 
to  the  initial  or  from  the  final  retention  volume. 

This  section  will  now  be  concluded  with  a  brief  discussion  of  the  effect 
of  non-linearity  on  the  transport  of  solutes  through  the  chromatographic 
column.  Two  cases  will  be  distinguished6. 

(a)  If  the  components  of  the  solution  are  very  similar  in  polarity,  but 
have  a  large  difference  in  molecular  magnitude  (or  if  the  components  tend 
to  form  transient  adducts)  a  “negative”  deviation  from  Raoult’s  law  (log 
7  <  0)  usually  results.  The  partition  coefficient,  and  hence  the  retardation 
of  the  solute,  is  smaller  for  a  more  concentrated  zone  of  the  band  than  for  a 
more  dilute  portion.  The  effect  shows  up  as  a  sharpening  of  the  band’s 
leading  edge  and  in  a  dispersion  of  its  tail  as  it  proceeds  through  the  column. 
At  the  same  time  the  concomitant  depletion  of  the  zone  of  maximum  con¬ 
centration  causes  the  net  motion  of  the  band  to  become  relatively  slower, 
until  it  obtains  the  limiting  rate  of  motion  corresponding  to  “zero”  concen- 


Table  7.5.  Apparent  Heats  of  Solution  from  G.L.C.  Measurements 

(Porter,  Deal  and  Stross6) 


Solute 


Solvent 


a 


b  c 


n-Pentane  squalane 

n-Hexane  “ 

n-Heptane  “ 

Cyclohexane 
Methylcyclohexane 


5.22 

5.25 

-0.72 

6.21 

6.36 

-0.60 

7.37 

7.58 

-0.54 

6.60 

6.77 

-0.58 

7.28 

7.53 

-0.50 

n-Hexane  diisodecylphthalate 

n-Heptane 

n-Octane 

n-Nonane 

Methylcyclopentane 

Cyclohexane 

Methylcyclohexane 

Ethylcyclohexane 

Toluene 


6.54 

6.36 

-0.93 

7.00 

7.58 

-0.17 

8.00 

8.64 

-0.11 

9.14 

9.77 

-0.12 

5.95 

6.45 

-0.25 

(7.35) 

6.77 

(-1.33) 

6.90 

7.53 

-0.12 

8.46 

8.63 

-0.58 

7.78 

8.13 

-0.40 

Methanol 
Ethanol 
Propanol-1 
Butanol-1 
2-Methyl  2-butanol 

d  In  k 

a  =  Apparent  heat  of  solution;  q^/T) 


4.91 

8.15 

+3.24 

(5.00) 

9.61 

(+4.61) 

7.35 

9.94 

+  1.41 

7.45 

10.00 

+  1.80 

8.08 

9.28 

+0.45 

A Hv  -  RT  -  A H,E 
R 


b  =  A Hv  =  heat  of  vaporization  of  the  solute. 

c  =  A//.e  =  excess  partial  heat  of  solution  of  the  solute  in  the  solvent. 
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Table  7.6.  Heats  of  Solution  from  G.L.C.  Measurements 
(Littlewood,  Phillips  and  Price*) 


Heats  of  Solution  in 

Solute 

Tritolyl 

Phosphate 

Silicone 

702 

A Hv 

Ethanol 

8.1 

5.9 

9.6 

Propanol-1 

9.4 

7.0 

9 .9 
7.3 

Methyl  acetate 

7.7 

7.1 

Ethyl  acetate 

8.3 

7.8 

7.8 

Propyl  acetate 

9.0 

8.4 

8.1 

Benzene 

9.2 

7.4 

7.4 

Toluene 

9.0 

7.9 

8.1 

tration.  The  result  is  that  the  retention  volume  referred  to  the  maximum  of 
the  curve  (IG)  is  less  than  it  would  be  in  the  hypothetical  case  of  zero 

concentration  throughout  the  column. 

(b)  If  there  is  a  great  difference  in  the  polarity  of  solute  components, 
the  partition  coefficient  is  greater  in  the  more  concentrated  portions  of  a 
band  than  in  dilute  portions.  The  elution  curve  will  have  a  sharpened  trail¬ 
ing  edge  and  a  more  diffuse  front.  In  this  case  the  decreasing  concentration 
at  the  band’s  maximum  causes  the  band  to  move  relatively  faster, 
and  hence  the  measured  retention  volume  will  be  greater  than  in  the  limit¬ 
ing  case  of  zero  concentration  (log  7  >  0,  positive  deviation  from  Raoult’s 
law). 

These  effects  are  appreciable  in  the  very  first  part  of  the  column  only; 
they  become  smaller  as  longer  columns  are  used.  For  the  measurement  of 
accurate  values  of  70  columns  of  considerable  length  (3-6  meters)  must 
hence  be  recommended. 

Heats  of  Solution 

G.L.C.  has  been  used  for  calculating  the  heat  of  solution  from  the  change 
of  partition  coefficients  with  temperature.  Free  energies  of  solution  can  be 
calculated  from  the  partition  coefficient  at  one  temperature  and  hence 
entropies  of  solution  may  also  be  computed.  Data  on  heats  of  solution 
taken  from  literature  are  presented  in  Tables  7.5  and  7.6. 

The  Design  of  Columns  for  Difficult  Separations 

In  Chapter  2  it  was  stated  that  for  most  analytical  purposes  the  design 
of  an  appiopriate  column  and  the  assessment  of  the  operating  variables  do 
not  present  great  difficulties.  This  is  mainly  due  to  the  circumstances  that 
the  separation  factors  usually  involved  differ  sufficiently  from  unity  and 
that  separation  can  be  obtained  with  columns  having  between  1000  and 
2000  plate  equivalents.  For  critical  separations,  however,  the  number  of 
plate  equivalents  required  may  be  considerably  higher;  the  design  of  the 
column  and  the  manner  of  operation  should  then  be  given  due  attention. 


180 


GAS  CHROMATOGRAPHY 


Table  7.7.  Boiling  Points  and  Vapor  Pressures10  at  30°C  of  Hydrocarbons 
Present  in  a  Technical  “Hexane”  Fraction 


Component 

&> 

Vapor  Pressure 
(mm  Hg/30°C) 

Vapor  Pressure 
Ratio 

n-Pentane 

36.0 

615 

Cyclopentane 

49.2 

385 

1.60 

2 , 2-Dimethylbutane 

49.7 

385 

1.00 

2 , 3-Dimethylbutane 

58.0 

286 

1.35 

2-Methylpentane 

60.3 

259 

1.10 

3-Methylpentane 

63.2 

233 

1.11 

n-Hexane 

68.8 

187 

1 .25 

As  an  example,  the  analysis  of  a  technical  distillate  fraction  of  “hexanes,” 
containing  the  isomeric  hydrocarbons  listed  in  Table  7.7  will  be  discussed. 
In  this  table  the  boiling  points,  vapor  pressures  at  30°C  and  the  relative 
volatilities  of  the  successive  hydrocarbons  have  been  stated.  By  normal 
distillation  the  separation  of  cyclopentane  from  2 , 2-dimethylbutane  is  al¬ 
most  impossible. 

In  gas-liquid  chromatography  the  relative  volatility  of  the  volatile  hy¬ 
drocarbons  is  affected  by  the  column  liquid.  The  effect  will  be  fairly  small 
for  the  isomeric  paraffins,  but  may  be  appreciable  for  cyclopentane,  as 
will  be  seen  from  Table  7.8,  which  gives  partition  coefficients  at  30°C  in  two 
liquids  differing  largely  in  polarity,  viz.,  dimethyl  sulfolane  (D.M.S.) 
and  n-hexadecane  (n-Ci6).  In  both  cases  the  emergence  of  cyclopentane 
proves  to  be  selectively  retarded;  with  D.M.S. ,  cyclopentane  is  even  less 
volatile  than  n-hexane. 

With  both  solvents  the  separation  between  2 , 3-dimethylbutane  and 
2-methylpentane  appears  to  be  the  most  critical.  In  the  case  of  n-Ci6 
the  relative  volatility  is  1.07;  from  Glueckauf’s  graph  (Figure  4.16)  it  may 
be  seen  that  for  a  98  per  cent  separation  of  small  and  equal  quantities  of 
these  hydrocarbons,  columns  with  at  least  4000  plate  equivalents  are  re¬ 
quired. 


Table  7.8.  Partition  Coefficients  of  Hydrocarbons  Present 

in  “Hexane”  Fraction 


(dimethyl  sulfolane 


Solvent:  Dimethyl  Sulfolane 

Component 

Part. 

Coeff. 

Ratio 

n-Pentane 

19 

1.37 

2,2-Dimethylbutane 

26 

<^'1 . 4 

2,3-Dimethylbutane 

~36 

~1 .0 

2-Methylpentane 

37 

1.19 

3-Methylpentane 

44 

1.16 

n-Hexane 

51 

1.10 

Cyclopentane 

56 

and  n-hexadecane  at  30°C) 

Solvent:  n-Hexadecane 


Part. 

Component  Coeff. 

n-pentane  122 

2. 2- dimethylbutane  182 

cyclopentane  227 

2. 3- dimethylbutane  257 

2- methylpentane  276 

3- methylpentane  317 

n-hexane  389 


Ratio 


1.50 

1.25 

1.13 

1.07 

1.15 

1.23 
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In  the  following  we  will  discuss  a  tentative  evaluation  for  this  purpose 
of  wo  ells  of  equal  length,  but  provided  with  different  stationary 
liquids  and  operated  with  different  carrier  gases.  The  main  purpose  of  t  s 
evaluation  is  to  demonstrate  how  use  can  be  made  of  the  theoretical  prin¬ 
ciples  developed  in  the  previous  chapters.  First  it  will  be  shown  what 
column  data  are  required  for  an  evaluation,  then  an  estimate  will  be  made 
of  the  coefficients  in  the  van  Deemter  equation.  It  will  be  found  that  the 
estimation  of  these  coefficients  involves  a  number  of  uncertainties,  but  that 
the  latter  partly  cancel  out  in  comparing  the  two  columns. 

With  the  van  Deemter  equation  the  H.E.T.P.  under  optimum  condi¬ 
tions  can  be  calculated  and  also  the  linear  gas  velocity  at  which  the  H.E.T.P. 
is  a  minimum.  From  the  gas  velocity  determined  in  this  manner  the 
theory  of  Chapter  5  permits  of  calculating  column  pressures  and  elution 
times.  Finally,  the  maximum  permissible  sample  size  can  be  roughly  com¬ 


puted. 

Two  fictitious  columns  will  be  compared;  they  are  720  cm  in  length  and 
6  mm  in  internal  diameter.  The  support  is  ground  fire-brick  (30/50  mesh), 
the  column  temperature  30°C.  The  calculations  refer  to  2-methylpentane. 


Column  data 

Volume  empty  column  (Fcoi.) . 

Weight  of  support  employed . 

True  density  of  support . 

True  volume  of  support  (F8Up.) . 


Weight  of  solvent 
Wt  ratio  solvent/support 
Density  of  solvent  at  30°C 
Volume  of  solvent  (Fnq.) 

I  gas  =  F 00J,  F 1  iq .  \  sup. 

Liquid  cross  section  (F iiq.) 

Gas  cross  section  (a  ~  Fga8) 

Gas  cross  section  dry  column  ( F ) 


.  205.6  cm3 

.  81.51  grams 

.  2.17 

.  37.56  cm3 

Column  I 
Solvent:  Dimethyl 
sulfolane 

32.604  grams 
40/100 
1.128 
28.90  cm3 
139.14  cm3 
0.040  cm2 
0.193  cm2 
0.233  cm2 


Column  II 
Solvent: 
n-Hexadecane 

16.302  grams 
20/100 
0.765 
21.31  cm3 
146.73  cm3 
0.030  cm2 
0.204  cm2 
0.233  cm2 


For  the  computation  of  the  coefficients  A,  B  and  C  in  equation  (16,  p. 
138)  seveial  assumptions  have  to  be  made,  particularly  as  regards  the 
quantities  df  and  Du q.  occurring  in  coefficient  C. 

bor  the  20/100  n- Cie  column  df  was  estimated  by  various  means  to  be 
about  5  M.  Correspondingly  the  value  of  d,  for  column  I  was  taken  to  be 


Fiiq.(D.M.S.) 

Fiiq.(n-Cie) 


X  5  =  6.8  fx. 


The  liquid  diffusivity  was  assumed  at  0.4  X  10-«  cirf/sec  for  both  liquids. 
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ihe  A  term  (2 \dp)  was  evaluated  at  0.05  cm  in  both  cases;  this  value  is 
somewhat  lower  than  that  stated  in  Chapter  0,  which  was  a  fairly  high 

estimate.  Column  I  further  was  operated  with  nitrogen  and  column  II 
with  hydrogen  as  carrier  gas. 


Partition  coefficient  ( k )  of 
2-methylpentane  at  30°C 

*'  =  k‘F \\qJF  gas 

*7(1  +  k'y 
Film  thickness  (d/) 

H 1  iq. 

(coeff.  B ) 

A  term  (2 Xdp) 

Coefficient  C  = 

8_  k'  df 2 

7T2'  (1  +  k')*'Lh~. 

H  min.  =  A  +  2  V(BC) 
u  (at  i/min.)  =  y/{B/C) 
Number  of  plate  equivalents 
under  optimum  conditions 


Column  I 


37 

7.668 
0.102 
6.8  n 

0.4  X  10~6  cm2/sec 
0.075  cm  for  N2 
0.05  cm. 


0.096  cm 

0.22  cm 
0.885  cm/sec 

~3300 


Column  II 


276 

40.55S 
0.0235 
5  n 

0.4  X  10-6  cm2/sec 
0.30  cm  for  H2 
0.05  cm 


0.012  cm 

0.17  cm 
5.017  cm/sec 

~4250 


Before  proceeding  to  the  calculation  of  column  pressure  it  should  be 
mentioned  that  the  value  of  2yDea8  refers  to  gas  of  1  atm.  pressure.  The 
two  columns  are  now  supposed  to  operate  at  atmospheric  outlet  pressure, 
and  for  the  linear  gas  velocity  u0  (at  the  outlet)  the  value  of  u  at  Hmm. 
is  chosen. 

With  the  theory  of  Chapter  5  the  inlet  pressure  and  the  elution  times 
can  be  calculated.  The  permeability  of  the  dry  column  (K)  has  been  given 
in  Chapter  5  (Figure  5.4) ;  for  30/50  mesh  ground  fire-brick  K  =  1.7  X  10“6 
cm2.  The  permeability  of  the  wet  column  ( K ')  was  then  calculated  by  mul¬ 
tiplying  K  by  Feas/F.  The  viscosities  of  N2  and  H2  are  expressed  in  poises, 
hence  the  pressures  must  be  expressed  in  dynes/cm2  (1  mm  Hg  =  1330 
dynes/ cm2) . 


Column  I 


Column  II 


K'  (wet  column)  in  cm2 
r)  in  poises 

V t  =  Fgaa  X  Uo  in  cnP/sec 
p0  (1  atm.)  in  dynes/cm2 
VlVoL  [Eq.  5  (  p.  132)] 

Pi  in  dynes/cm2 
Pi  in  mm  Hg 

average  column  pressure  in  dynes/ 
cm2 

average  column  pressure  in  mm  Hg 
ta  (sec)  [Ep.  10  (p.  135)] 


1.41  X  10"# 

1.8  X  10-“  for  N2 
0.17 

1.013  X  106 
1.25  X  108 
1.092  X  106 
819 

1.037  X  106 

778 

847 


1.49  X  10-« 

0.9  X  10-4  for  II2 
1.02 

1.013  X  106 
7.6  X  108 
1.215  X  106 
912 

1.117  X  106 

838 

158 
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In  this  table  t „  is  the  residence  time  of  a  pure  carrier  gas  molecule;  the 
residence  time  of  the  solute  is  found  by  dividing  the  residence  time 
carrier  gas  by  the  retardation  factor  RF  =  1/(1  +  ^  ) 

/~*  f . —  T  11 


tg  in  sec 

Rf  =  1/(1  +  k') 
elution  time  in  sec. 

VR  (retention  volume)  in  cm3  [Eq.  11  (p.  136)] 


847  158 

0.1154  0.0240 

7340  6583 

1254  6738 


The  elution  time  is  slightly  more  than  2  hrs  for  column  I  and  slightly  less 
for  column  II. 

The  evaluation  will  be  concluded  with  the  calculation  of  the  maximum 
permissible  amount  of  2-methylpentane.  In  Chapter  4  it  was  mentioned 
that  the  peak  width  is  independent  of  the  amount  of  a  substance  for  very 
small  samples  only,  viz.,  those  less  than  0.5  Feff.  Vn,  where  TTs.  =  Va  + 
kVL  ,  the  capacity  of  one  plate.  The  experiments  of  van  Deemter  et  al. 
refer  to  a  technique  which  is  a  combination  of  frontal  analysis  and  elution 
development.  For  elution  development  with  instantaneous  introduction 
of  the  sample,  the  factor  0.5  appears  to  be  much  too  large  and  will  rather 
be  of  the  order  of  0.02,  which  value  will  be  taken  for  the  calculation  below. 


Column  I 


Column  II 


Vo 

VL 

V  eff.  =  V  a  -J-  kV  i 
0.02  FCff.  \Jn 


0.042  cm3 
0.009  cm3 
0.375  cm3 
-M).43  cm3 


0.035  cm3 
0.005  cm3 
1.415  cm3 
~1.84  cm3 


It  hence  follows  that  column  II  is  capable  of  handling  samples  four 
times  as  large  as  column  I. 

In  spite  of  a  number  of  uncertainties  in  the  data,  the  evaluation  of  gas- 
liquid  chromatographic  columns  is  hence  possible.  When  comparing  the 
two  columns  mentioned  above  there  is  no  doubt  that  for  the  analysis  of  the 
hexanes  column  II  is  superior  in  every  respect,  although  in  the  latter 
hydrogen  was  the  carrier  gas: 

(1)  its  efficiency  is  about  25  per  cent  higher; 

(2)  the  time  of  analysis  is  about  10  per  cent  shorter; 

(3)  the  size  of  the  sample  that  may  be  used  is  four  times  as  large. 

(4)  On  account  both  of  the  nature  of  the  carrier  gas  and  the  larger  sample 
higher  detector  signals  are  obtained. 
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Chapter  8 

GAS-SOLID  CHROMATOGRAPHY 

Introduction 

/Gas-liquid  chromatography  has,  in  the  few  years  since  its  discovery, 
undergone  a  spectacular  development  and  it  now  constitutes  a  separation 
method  of  the  greatest  versatility.  This  very  fact,  however,  tends  to  make 
one  forget  that  gas  adsorption  chromatography  (G.S.C.)  is  the  older  tech¬ 
nique  of  the  two  and  that  there  are  still  a  few  specific  cases  in  which  it 
possesses  advantages  with  respect  to  G.L.C. 

The  latter,  more  modem  method  mainly  owes  its  favorable  features  to 
two  phenomena.  Firstly,  the  linear  course  of  the  distribution  isotherms 
gives  rise  to  symmetrical  peaks  for  the  components  (see  Chapter  2).  Sec¬ 
ondly,  a  G.L.C.  column,  operated  under  optimum  conditions,  is  extremely 
efficient,  viz.,  it  contains  a  large  number  of  theoretical  stages  in  a  moderate 
length. 

The  efficiency  of  a  gas  adsorption  column,  in  so  far  as  it  can  be  expressed 
in  convenient  terms,  is  usually  of  about  the  same  order  as  that  of  a  column 
for  G.L.C.  The  striking  difference  between  G.S.C.  and  G.L.C.,  then,  lies 
in  the  fact  that  the  distribution  isotherm  in  adsorption  is  usually  strongly 
curved.  This  phenomenon  causes  the  peaks  emerging  by  elution  from  the 
column  to  be  very  asymmetric;  as  a  rule  they  show  a  sharp  front  flank, 
but  a  relatively  long,  drawn-out  “tail.”  (See,  for  instance,  Figure  8.7a). 
This  shape  of  peak  in  many  cases  mitigates  against  the  efficiency  of  separa¬ 
tion  of  two  adjacent  components. 

Two  points  should,  however,  be  noted  in  this  connection,  (a)  The  curva¬ 
ture  of  the  adsorption  isotherms  decreases  with  the  molecular  weight  of 
the  compound  in  question,  and  (b)  the  steep  front  of  the  peak  for  a  compo¬ 
nent  may  occasionally  be  put  to  good  use.  These  points  constitute  the  back¬ 
ground  for  the  two  principal  cases  in  which  the  adsorption  technique  has, 
to  the  writer’s  knowledge,  advantages  over  G.L.C.  They  are: 

(a)  G.S.C.  (using  the  elution  technique,  see  below)  may  be  employed  to 
effect  a  reasonably  good  separation  between  components  of  low  boiling 
point,  such  as  the  rare  gases,  CO,  H2 , 02 ,  CH4  and  NO.  So  far  no  satis¬ 
factory  stationary  liquid  is  available  for  separating  such  mixtures  bv 
G.L.C. 

(b)  G.S.C.  can  sometimes  be  usefully  employed  for  dealing  with  sub- 
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stances  containing  a  very  small  amount  of  some  admixture  or  impurity. 
While  in  G.L.C.  this  minor  component  will  appear  only  as  a  diffuse  peak  of 
low  height,  it  may  in  G.S.C.,  using  the  method  of  displacement,  be  pushed 
up  as  a  relatively  narrow  band  before  the  steep  front  of  another  constit¬ 
uent,  so  that  it  can  be  collected  in  fairly  concentrated  form.  If  desired,  it 
may  then  be  submitted  to  further  analysis  by  G.L.C. 

Some  recent  developments  in  adsorption  analysis,  which  hold  certain 
favorable  aspects,  will  be  referred  to  at  the  end  of  this  chapter. 

The  main  disadvantages  of  G.S.C.  with  respect  to  the  more  modern 
method  of  G.L.C.,  in  cases  where  both  can  be  used,  are  the  following.  The 
absorption  methods  are  frequently  vitiated  by  the  tailing  of  the  bands 
already  discussed;  particularly  in  displacement  development  they  also 
involve  more  time  for  the  analysis,  larger  samples,  somewhat  more  critical 
flow  rates  of  the  carrier  gas,  repeated  replacement  of  the  adsorbent  and,  in 
some  cases,  evacuation  of  the  column  before  each  run.  In  both  the  elution 
and  displacement  adsorption  techniques  the  accuracy  of  the  method 
largely  depends  on  the  identity  in  the  adsorbing  power  of  various  batches 
of  the  column  packing,  a  requirement  difficult  to  realize.  Furthermore,  there 
is  relatively  little  choice  in  adsorbents;  G.L.C.,  which  uses  a  liquid  for  par¬ 
tition,  offers  a  far  larger  range  to  choose  from. 

Forms  in  Which  G.S.C.  is  Carried  Out 

As  we  have  seen  in  Chapter  1,  there  are  three  distinct  ways  in  which 
chromatographic  analysis  may  be  carried  out: 

(a)  by  elution  development, 

(b)  by  frontal  analysis  and 

(c)  by  displacement  development. 

On  account  of  the  nature  of  the  partition  process,  G.L.C.  nearly  always 
employs  the  elution  technique,  the  eluent  being  the  carrier  gas.  The  dis¬ 
placement  technique  is  scarcely  feasible  in  this  system  of  separation,  while 
frontal  analysis  offers  no  particular  advantages  for  analytical  purposes. 

In  G.S.C.,  on  the  other  hand,  all  three  methods  may  be— and  have  been 
—adopted.  In  elution  development  the  carrier  gas  is  again  the  eluent.  Dis¬ 
placement  development  uses  a  carrier  gas  which  is  saturated  with  the 
vapor  of  a  strongly  adsorbed  substance.  Both  techniques  employ  a  small 
sample  for  analysis.  In  frontal  analysis,  a  larger  sample  is  passed  into  the 
column  in  the  gas  phase,  usually  after  admixture  with  a  certain  amount  of 

a  “neutral”  gas. 

In  elution  chromatography  the  band  of  each  component  travels  through 
the  column  at  a  rate  specific  for  that  component  under  the  conditions  of 
the  experiment;  if  two  bands  are  completely  separated,  pure  carrier  gas 
emerges  from  the  column  between  them.  In  displacement  chromatography, 
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on  the  other  hand,  all  bands  travel  at  the  rate  of  the  displacer  and  issue 
from  the  column  without  intervening  gap.  An  essential  condition  for  good 
separation  by  the  latter  technique  is  therefore  that  the  fronts  of  each 
band  shall  be  steep  and  sharp;  in  practice,  a  slight  overlap  is  always  mevi- 

A  point  of  practical  importance  is  that  in  employing  G.S.C.  with  the 
displacement  technique  the  adsorbent  is  left  saturated  with  the  displacer 
at  the  end  of  the  experiment,  so  that  in  most  cases  the  column  must  be 

charged  with  fresh  solid  before  each  run. 

In  frontal  analysis  the  least  adsorbed  component  appears  first  from  the 
column  and  it  is  followed  by  the  components,  broadly  speaking,  in  the  order 
of  their  strength  of  adsorption;  it  will  be  shown  further  on,  however,  that 
the  components  after  the  first  are  not  obtained  pure. 

A  variation  on  the  practical  execution  of  G.S.C.  lies  in  the  use  of  local 


heating  for  desorbing  bands  of  components  from  the  column.  In  this 
method— which  has  been  called  “Chromathermography”  and  can  be 
applied  in  principle  to  any  of  the  three  forms  of  analysis — a  heater  is  moved 
up  gradually  from  the  end  of  the  column  toward  the  inlet.  It  is  particularly 
useful  for  releasing  bands  so  strongly  adsorbed  that  they  would  move  very 
slowly  at  normal  temperatures,  j 


The  Evolution  of  G.S.C. 


The  attempts  to  use  selective  adsorption  for  the  qualitative  and  quantita¬ 
tive  analysis  of  gases  and  vapors  date  back  at  least  to  19301.  Most  of  the 
early  work  was  carried  out  in  the  form  of  frontal  analysis,  but  the  effects 
caused  by  mutual  displacement  of  the  components  were  not  taken  into 
account.  The  heater-desorption  technique  mentioned  above  was  employed 
in  such  separations  by  Zhukhovitskii,  Turkel’taub  and  Georgievskaya2  and 
by  Aivazov  and  Vyakhirev3,  who  showed  it  to  be  a  useful  method  in  spite 
of  its  serious  limitations.  Thermal  desorption  was  also  used  in  later  work  by 
Turkektaub4  and  by  Turner5. 

The  first  to  give  a  satisfactory  account  of  the  theoretical  aspects  of 
frontal  analysis  and  displacement  development  in  G.S.C.  were  Tiselius6 
and  Claesson7.  On  the  basis  of  theory  Claesson  developed  the  displacement 
technique  into  a  quantitative  method  for  analyzing  mixtures  of  hydrocar¬ 
bons  containing  up  to  eight  carbon  atoms.  Claesson,  for  detection,  employed 
the  thermal  conductivity  method,  which  was  first  advocated  by  him.  For 
the  separation  of  the  hydrocarbons  this  investigator  used  several  types  of 
carbon  of  different  surface  activity,  of  which  a  large  stock  was  kept  so  as  to 
obtain  reproducible  column  charges.  Claesson ’s  work  does  not  seem  to  have 
received  the  attention  it  deserves.  This  fact  must  be  partly  ascribed  to  the 
difficulty  of  duplicating  the  adsorbent  accurately. 
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Claesson’s  displacement  method  was  further  developed  and  successfully 
applied  by  Phillips8  in  experiments  on  gas  kinetics.  Phillips  studied  the  main 
operating  parameters  in  the  separation— particle  size  of  the  adsorbent, 
rate  of  flow,  column  dimensions,  pretreatment  of  the  adsorbent  and  column 
temperature  with  the  object  of  increasing  the  sharpness  of  the  fronts.  He 
fui  ther  employed  the  method  for  separating  a  variety  of  organic  compounds, 
including  saturated,  olefinic  and  aromatic  hydrocarbons,  halogenated 
hydrocarbons,  nitroparaffins,  ethers,  ketones,  alcohols,  and  esters. 

The  value  of  the  elution  method  in  G.S.C.  for  analyzing  mixtures  of 
gases  was  established  by  Janak9.  In  these  analyses  a  small  sample  of  the  gas 
mixture  (containing  components  such  as  CO,  H2 ,  CH4 ,  C2H4 ,  C2H6 , 
etc.)  was  introduced  into  the  end  of  an  adsorption  column  packed  with 
charcoal  or  silica  gel,  and  was  developed  with  C02 .  The  carrier  gas  was 
adsorbed  and  the  components  were  collected  in  a  burette  containing  caustic 
potash  solution,  so  that  an  elution  curve  of  the  integral  type  was  obtained 
(see  Figure  2.21).  Patton,  Lewis  and  Kaye10  also  employed  the  elution  ad¬ 
sorption  method  for  the  separation  of  various  gases  and  volatile  liquids, 
using  charcoal,  silica  gel  and  alumina  as  adsorbents  and  hydrogen,  nitrogen 
or  carbon  dioxide  as  eluent.  Charcoal  effects  a  separation  virtually  accord¬ 
ing  to  boiling  point,  whereas  silica  gel  has  a  polar  character;  as  a  conse¬ 
quence  the  order  of  elution  of  ethane  and  ethene  is  a  reversed.  Ray11  has 
used  a  combination  of  the  elution  adsorption  and  gas-partition  techniques. 

In  the  author’s  opinion  many  of  the  separations  referred  to  above  would 
at  present  be  preferably  carried  out  by  G.L.C.,  the  only  undoubted  excep¬ 
tions  being  those  of  mixtures  of  low  boiling-point  constituents. 

The  Principles  of  G.S.C. 

A  brief  account  of  the  theory  of  frontal  analysis  and  displacement  de¬ 
velopment  in  G.S.C.  will  be  given  here.  For  further  details  the  reader 
is  referred  to  the  original  papers  of  Tiselius6  and  Claesson7. 

Frontal  Analysis 

Frontal  analysis  will  be  discussed  first,  since  it  is  suitable  for  deter¬ 
mining  adsorption  isotherms,  which  are  required  for  interpreting  displace¬ 
ment  curves. 

If  a  “neutral”  (non-adsorbed)  gas  containing  an  adsorbable  component 
in  a  concentration  Ci  per  unit  of  volume  is  passed  through  a  column  of  an 
adsorbent,  and  some  property  (say  the  thermal  conductivity)  is  plotted 
against  the  volume  passed  in,  a  curve  as  shown  in  Figure  8.1  will  be  ob¬ 
tained.  The  volume  Pi  of  gas  that  has  entered  the  column  until  the  com¬ 
ponent  breaks  through  is  the  retention  volume  of  that  component.  If 
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Figure  8.1.  Frontal  analysis  diagram  for  one  solute.  (“Ideal”  Chromatography). 
a\  is  the  amount  of  the  component  adsorbed,  we  have 

a\  =  ViCi  (1) 

(The  same  relation  holds  if  ai  and  vx  refer  to  unit  weight  of  adsorbent; 
the  equation  will  further  be  given  this  interpretation.) 

As  ai  is  in  equilibrium  with  Ci ,  the  concentration  of  component  in  the 
vapor,  a  plot  of  ai  against  C\  for  various  values  of  the  latter  gives  the  ad¬ 
sorption  isotherm,  which  in  fact  can  conveniently  be  determined  in  this 
way.  In  Figure  8.2  an  adsorption  isotherm  of  the  type  most  encountered  is 
shown.  It  follows  from  this  curve  that  the  retention  volume  ( di/ci )  depends 
upon  the  concentration  C\  and  decreases  as  this  value  increases,  in  contrast 
to  the  state  of  affairs  in  G.L.C.,  where  the  retention  volume  is  independent 
of  the  concentration.  Very  small  values  of  Ci ,  however,  produce  an  approxi¬ 
mately  constant  retention  volume,  since  the  first  part  of  the  curve  is  almost 
linear. 


Figure  8.2.  Adsorption  isotherm  (Langmuir  type). 
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Figure  8.3.  Frontal  analysis  diagram  for  two  solutes. 


If  the  gas  contains  two  adsorbable  components,  a  curve  with  two  steps, 
as  shown  in  Figure  8.3,  will  be  obtained.  While  in  the  former  case  the 
height  of  a  step  corresponds  directly  to  the  concentration  of  the  component 
in  the  original  mixture,  this  is  not  generally  the  case  when  two  components 
are  present,  since  there  is  a  competition  between  the  molecules  of  the 
components  for  the  adsorbing  surface  which  results  in  a  mutual  decrease 
in  adsorption.  Consequently  the  concentration  in  the  moving  phase  be¬ 
comes  larger  than  in  the  case  of  a  single  component  and  the  height  of  the 
step  for  this  component  is  higher.  After  the  second  step  the  gas  passes 
through  the  column  unchanged.  If  we  denote  the  retention  volume  of  the 
first  step  in  this  case  by  V\  and  that  of  the  second  by  v<i ,  the  concentrations 
of  components  in  the  gas  by  Cj  and  C2 ,  the  amount  of  component  2  adsoibed 
in  the  column  is  obviously  V2C2  .  The  amount  of  component  1  is  then  (see 

Figure  8.3) 

V2C1  —  (V2  ~  V\)C\.\  (^) 

where  Ci.i  corresponds  to  the  concentration  of  solute  1  in  the  first  flat. 
Provided  that  the  adsorption  isotherms  are  known,  the  quantities  Vi , 
V2  and  Ci  1  allow  Ci  and  C2  to  be  calculated  separately.  .  . 

“  For  the  case  of  more  than  two  solutes  the  reader  is  referred  to  the  original 
publications  of  Claesson.  By  assuming  Langmuir  type  isotherms  for  mixed 
adsorption  this  author  succeeded  in  developing  the  method  of  frontal 
analysis  to  a  fairly  accurate  method  for  the  analysis  of  multicomponent 

systems. 


Displacement  Development 

Higher  accuracies,  however,  are  obtained  with  the  dement  ^ 
nique  Tiselius  has  shown  that  qualitative  and  quantitative  analj 
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Figure  8.4.  Displacement  development  diagram  for  one  solute. 


amounts  to  the  measurement  of  heights  and  lengths  of  the  steps  in  the  curve. 
Figure  8.4  represents  the  simplest  case  of  displacement  development,  in 
which  a  narrow  band  of  one  component  at  the  column  inlet  is  displaced  by 
the  more  strongly  adsorbed  substance  contained  in  the  carrier  gas. 

For  the  developer  the  conditions  of  frontal  analysis  apply  and  the  com¬ 
ponent  is  forced  to  travel  in  front  of  the  developer  and  at  the  same  rate. 
This,  of  course,  will  only  be  possible  at  a  certain  concentration  distribution 
of  that  component,  which  depends  upon  the  concentration  of  the  developer 
in  the  gas.  Following  Claesson  we  denote  the  amount  of  solute  i ,  adsorbed 
per  gram  of  adsorbent  at  equilibrium  with  a  concentration  ct  of  that 
solute,  by  at .  Then  the  adsorption  isotherm  may  be  represented  by 

a*-  =  fi(ci)  (3) 

In  order  that  the  component  i  shall  travel  at  the  same  speed  as  the  de¬ 
veloper  d,  the  following  relation  must  exist: 


fd(Cd)  _  fi(Cj) 
Cd  Ci 


(4) 


where  subscript  d  refers  to  the  displacer. 

To  satisfy  this  expression  the  concentration  c,  has  to  establish  itself  in 
accordance  with  this  equation  and  the  chosen  concentration  of  the  de¬ 
veloper.  This  implies  that  for  a  certain  concentration  of  the  displacer  the 
component  *  will  leave  the  column  in  the  gas  at  a  concentration  that  is 
constant  and  characteristic  of  that  component.  This  concentration  in  the 
effluent  is  hence  independent  of  the  amount  of  that  component 
Successive  components  will  normally  emerge  from  the  column  in  dis¬ 
placement  G.S  C.  with  successively  lower  concentrations.  If  the  detection 
devme  gave  a  signal  only  dependent  on  the  concentration  (and  irrespective 
the  nature  of  the  components),  the  diagram  would  therefore  show  a  series 
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Figure  8.5.  Displacement  development.  (After  James  and  Phillips). 

of  diminishing  steps.  Actually  the  detector  gives  a  signal  which  is  deter¬ 
mined  both  by  the  concentration  of  a  component  and  the  property — for 
instance  thermal  conductivity — that  is  registered.  These  two  factors  may 
tend  to  compensate  each  other  and  it  thus  often  happens  that  two  “steps” 
appear  at  virtually  the  same  level,  even  though  separation  is  satisfactory. 
There  are  frequently,  however,  methods  for  circumventing  this  difficulty. 
Phillips80,  for  instance,  describes  a  case  in  which  butane  and  butene  showed 
up  as  one  step,  though  separation  was  good.  The  butene  could  here  be 
eliminated  by  adsorbing  it  in  sulfuric  acid,  and  this  procedure  produced  a 
gap  between  butane  and  the  saturate  below  it  (propane).  In  other  cases 
it  was  possible  to  employ  a  substance  as  “marker”  giving  an  intermediate 
step,  for  instance  chlorobenzene  for  differentiating  between  equal  steps  of 
pyridine  and  o-xylene.  Figure  8.5  shows  a  typical  curve  obtained  in  an 
analysis  by  G.S.C.  according  to  the  displacement  technique. 

Equation  (4)  for  the  various  components  gives  the  relation  between  the 
adsorption  isotherms  as  determined,  for  instance,  by  frontal  analysis  and 
the  step  heights  in  the  displacement  diagram.  The  equation  can  easily  be 
solved  graphically  by  a  method  devised  by  Tiselius.. 

This  method  is  based  on  a  plot  of  the  distribution  isotherms  of  the  com¬ 
ponents  in  the  mixture  (fi(c),  /2(c),  etc.)  and  that  of  the  displacer  (fd(c)), 
as  given  in  Figure  8.6,  (I).  If  A'  is  the  concentration  of  the  displacer  in  the 
gas  point  A  on  the  isotherm  of  the  displacer  is  joined  to  the  origin  by  a 
straight  line  (full  line  a).  It  can  then  be  shown  that  the  intercepts  C3 , 02 , 
etc.  corresponding  to  the  intersections  with  the  isotherms  for  components 
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3,  2,  etc.  indicate  the  concentration  at  which  these  components  emerge 
from  the  column,  as  shown  in  Figure  8.6  (II).  It  should  be  noted  that 
line  a  does  not  intersect  curve  /4(c);  this  signifies  that  component  4  is  so 
weakly  adsorbed  that  the  displacer  cannot  overtake  it.  Component  4  will 
be  eluted  by  the  (pure)  carrier  gas  and  thus  will  give  rise  to  an  “elution” 


VOLUME 


Figure  8.6.  Relation 
adsorption  isotherms. 


VOLUME 

between  the  displacement  development 


diagram 


and  the 
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peak,  which  will  be  followed  by  a  band  of  pure  carrier  gas  and  then  by  the 
fronts  of  3,  2,  1  and  the  developer.  By  choosing  a  higher  concentration  of 
the  developer,  however,  as  shown  by  point  B  (dotted  line  6),  the  isotherm 
fi(c)  will  be  intersected,  and  4  will  behave  as  all  the  other  components 
[Figure  8.6  (III)]. 

Curve  fb(c)  is  the  adsorption  isotherm  for  a  component  more  powerfully 
adsorbed  than  the  developer;  this  component  will  hence  not  be  displaced 
by  it. 

The  success  of  the  displacement  method  very  much  depends  upon 
whether  sharp  fronts  can  be  obtained.  The  requirements  for  homogeneous 
packing  are  very  exacting.  Fortunately,  a  disturbance  in  the  front  is  auto¬ 
matically  corrected  owing  to  the  fact  that  bands  of  low  concentration  travel 
more  slowly  than  those  of  high  concentration.  This  “self-sharpening” 
tendency  applies  to  all  successive  bands;  consequently  displacement  G.S.C. 
is  sometimes  particularly  suitable  for  isolating  a  component  or  impurity 
occurring  in  a  small  concentration  in  a  mixture.  As  the  method  usually  em¬ 
ploys  a  fairly  large  sample,  it  will  frequently  be  possible  to  concentrate  it 
in  the  manner  indicated  above  and  analyze  it  further,  say  by  G.L.C. 


New  Possibilities  in  Gas-Solid  Chromatography 

Since  the  evolution  of  the  “classical”  methods  of  G.S.C.  described 
above — which,  as  we  have  seen,  have  in  many  cases  largely  been  superseded 
by  G.L.C. — there  have  been  some  developments  that  may  possibly  cause 
a  more  general  revival  of  interest  in  the  procedure. 


“Molecular  Sieves” 


It  has  been  found  (see  for  instance  Barrer12)  that  there  exist  certain  sili¬ 
cates  which  provide  regular  net-works  of  channels  with  diameters  no  bigger 
than  those  of  molecules.  Such  crystals  can  act  as  sieves  and  bring  about  a 
separation  of  molecular  species  by  occluding  small  molecules,  while  not 
adsorbing  larger  molecules  or  molecules  with  shapes  that  do  not  “fit. 
“Molecular  sieves”*  are,  for  instance,  prepared  by  outgassing  finely 
powdered  zeolites  at  temperatures  within  the  range  of  thermal  stability  of 
the  crystals.  The  conditions  during  outgassing  may  be  varied  so  as  to  pro¬ 
duce  molecular  sieves  having  different  properties.  Barrer,  who  has  studiec 
these  substances  extensively,  divides  them  into  the  following  three  classes 


having  successively  smaller  channel  diameters: 

m  Those  that  do  not  adsorb  isobutane  and  other  isoparaffins,  but  a 
sorb  nropane  and  higher  normal  paraffins  slowly  at  or  above  room  tern- 
rerature  and  ethane,  methane  and  molecules  of  smaller  cross-sect.on 


rapidly. 

*  Molecular  sieves  of  various  types  are  now 


marketed  by  the  Linde  Air  Products 


Company. 
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(II)  Those  that  do  not  adsorb  normal  or  isoparaffins,  but  adsorb  ethane 
and  methane  slowly,  and  molecules  of  smaller  cross-section  (including  N2) 
rapidly. 

(III)  Those  that  give  a  negligible  adsorption  of  ethane  and  methane,  but 
rapidly  adsorb  smaller  molecules. 

Molecular  sieves  with  modified  properties  can  further  be  made  by  cation 
interchange  and  by  burning  out  interstitial  ammonia.  The  potentialities 
of  these  separate  classes  have  not  yet  been  fully  investigated. 

It  is  evident  that  these  bodies  have  interesting  features  which  open  up 
new  possibilities  for  the  separation  of  complicated  mixtures.  Barrer  has 
further  observed  that  by  operating  at  low  temperatures  major  differences 
may  develop  in  the  rates  of  sorption  of  gases  which  have  but  small  dif¬ 
ferences  in  molecular  shapes  and  diameters,  and  which  are  all  rapidly 
adsorbed  at  higher  temperatures. 

G.S.C.  with  “Tailing  Reducers” 

A  characteristic  and  unfavorable  feature  of  elution  G.S.C.  that  has  been 
referred  to  is  the  tailing  of  the  peaks  for  all  components  except  those  of  very 
low  boiling  point.  It  has  recently  been  found  by  Eggertsen,  Knight  and 
Groennings13  that  this  effect  may  be  considerably  reduced  by  coating  the 
adsorbent  with  a  small  amount  of  a  strongly  adsorbed  liquid.  This  useful 
new  development  virtually  gives  rise  to  a  method  in  some  respects  inter¬ 
mediate  between  G.S.C.  and  G.L.C.  and  having  some  of  the  advantages  of 
both. 

Eggertsen  et  al.  tested  various  adsorbents  and  “tailing  reducers.”  The 
best  combination  found  was  a  furnace  carbon  black,  “Pelletex”*  and  1.5 
per  cent  (wt)  of  squalane  (a  C30  branched  hydrocarbon  of  low  viscosity,  see 
Appendix  I). 

The  influence  of  the  tailing  reducer  can  be  illustrated  by  an  example. 
It  is  known  (see  Hirschler  and  Amon14)  that  adsorbents  such  as  silica  gel 
and  carbon  frequently  adsorb  a  paraffin  preferentially  to  a  cycloparaffin 
when  both  have  the  same  boiling  point  (for  instance  n-heptane  with  re¬ 
spect  to  methylcyclohexane  and  2,4-dimethylpentane  with  respect  to 
cyclohexane),  while  G.L.C.  usually  retards  naphthenes  selectively  with 
respect  to  paraffins  (see  Chapter  6).  Figure  8.7  shows  the  effect  found  for 
dimethylpentane  and  cyclohexane.  Figure  8.7  (a)  is  the  curve  obtained  by 

ggertsen  et  al.  when  using  G.S.C.  with  helium  as  carrier  gas  and  “Pelletex” 

«pTfh'  nlgUre  87  (b)  giVGS  the  corresP°ndillg  curve  found  when  using 

1  elletex  containing  1.5  per  cent  of  squalane. 

From  these  curves  it  may  be  seen  that  squalane  as  tailing  reducer  affects 
the  separation  in  three  ways:  anects 

(1)  The  bands  become  sharper  and  more  symmetrical; 

*  Pelletex  is  marketed  by  the  Godfrey  Cabot  Company,  Boston  (Mass.). 
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RECORDER  DEFLECTION  IN 
PERCENTAGE  OF  FULL  SCALE 
(CONCENTRATION  > 


Figure  8.7.  The  effect  of  a  tailing  reducer. 

Column:  10'  x  K" ;  carrier  gas: helium,  20  ml/min.;  sample:  2, 4-dimethylpentane  + 
cyclophexane,  2:1,  ca  1.5  mg;  column  packing:  a  Pelletex  (14-48  mesh) ;  column  pack¬ 
ing:  b  Pelletex  (14-48  mesh)  +  1.5%  squalane.  (After  Eggertsen,  Knight  and  Groen- 
nings). 


(2)  The  adsorptivity  of  the  solid  is  reduced,  as  evidenced  by  the  lower 
temperature  required  for  comparable  emergence  times; 

(3)  The  paraffin/naphthene  selectivity  is  somewhat  reduced,  as  may  be 

seen  from  the  ratio  of  the  emergence  times. 

The  effectiveness  of  this  new  type  of  column  packing  may  be  demon¬ 
strated  by  an  example  taken  from  the  paper  by  Eggertsen  et  al  Figure  8.8 
is  a  reproduction  of  the  chromatogram  representing  the  resolution  of  a 
synthetic  sample  containing  all  the  commonly  encountered  C,  and  U 
saturates.  The  analysis  was  performed  in  a  coiled  50  ft  column,  „  in.  dia¬ 
meter,  at  40°C.  Not  more  than  3  mg  of  closely  neighboring  componen  s 
could  be  charged.  The  duration  of  the  whole  analysis  was  2  hours.  3  he 
agreement  between  the  results  of  the  analysis  and  the  composition  was 

very  satisfactory. 
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RECORDER  DEFLECTION  IN 
PERCENTAGE  OF  FULL  SCALE 
(CONCENTRATION  ) 


THE  FIGURES  BELOW  THE  COMPOr£NTS 
ARE  PERCENTAGES  BY  WEIGHT  IN 
THE  MIXTURE 

M  -*  METHYL  - 


DM  -  DIMETHYL - 


Figure  8.8.  Chromatogram  of  the  C5  and  Ce  saturates. 

Column:  50'  x  M" \  carrier  gas:  helium,  20  ml/min;  sample:  ~10  mg;  column  pack¬ 
ing:  Pelletex  (14-48  mesh)  +  1.5%  of  squalane;  Temp.:  40  ±  0.2°C;  pressure  inlet: 
280  mm  +  atm.  (After  Eggertsen,  Knight  and  Groennings). 


This  method  would  appear  to  offer  advantages  with  respect  to  G.L.C. 
in  cases  where  certain  characteristic  features  of  adsorption  can  aid  in  effect¬ 
ing  a  resolution. 

Special  Modifications  of  G.S.C. 

It  is  to  be  expected  that  specific  modifications  of  G.S.C.  will  enable 
certain  analyses  to  be  carried  out  accurately  with  very  simple  means.  An 
example  is  furnished  by  a  method  that  was  demonstrated  by  Ray16  for  the 
rapid  determination  of  small  amounts  of  non-olefinic  impurities  (other  than 
carbon  dioxide)  in  ethylene. 

The  principle  is  as  follows.  A  measured  sample  of  the  gas  (25  cc)  is  car¬ 
ried  in  a  current  of  pure  carbon  dioxide  through  a  column  which  is  com¬ 
posed  of  two  parts.  The  first  is  packed  with  charcoal  impregnated  with 
bromine,  which  absorbs  the  ethylene  and  also  retains  the  ethyl  bromide 
formed;  the  unretained  impurities  pass  into  the  second  section  of  the 
column,  packed  with  activated  charcoal,  where  they  are  separated.  The 
issuing  gases  are,  as  in  Jan&k’s  method,  collected  in  a  micro-nitrometer 
over  caustic  potash  solution  and  appear  in  two  or  more  discrete  fractions, 
vith  a  sufficient  interval  between  them  to  allow  of  separate  measurement. 
In  Ray  s  case,  the  first  fraction  contained  any  hydrogen,  oxygen,  nitrogen 
carbon  monoxide  and  methane  present  in  the  sample,  the  second  fraction 
consisted  of  ethane  only;  any  higher  paraffins  appeared  in  subsequent  frac¬ 
tions.  The  complete  analysis  occupies  only  15-20  minutes,  and  the  smallest 
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Figure  8.9.  Block  diagram  of  apparatus.  (After  Phillips). 


detectable  concentration  of  any  one  impurity  is  0.01  per  cent.  Sufficient 
bromine-impregnated  charcoal  can  be  accommodated  in  the  column  to  last 
for  about  thirty  analyses. 


Apparatus  for,  and  Operation  of  G.S.C. 

The  apparatus  used  for  G.S.C.  will  usually  not  differ  essentially  from 
that  employed  for  G.L.C.,  since  both  are  chiefly  composed  of  an  apparatus 
for  percolation  and  a  detector.  It  consists  mainly  of  a  thermostatted  column 
and  a  detection  device.  The  column  is  charged  with  the  adsorbent;  the 
sample  is  introduced  and  is  moved  down  the  column  by  a  current  of  carrier 
gas.  Granulated  adsorbents  are  generally  used,  because  the  finer  type  of 
packing  as  employed  in  G.L.C.  offers  too  great  a  resistance  to  the  flowing 
gas. 

In  frontal  analysis  a  fairly  large  sample,  which  is  previously  diluted  with 
the  carrier  gas,  is  taken.  Small  samples  are  used  in  elution  and  displacement 
G.S.C. 

Figure  8.9  gives  a  block  diagram  of  the  complete  apparatus  used  by  Phil¬ 
lips811  alternatively  for  displacement  G.S.C.  or  for  G.L.C.  The  mixture 
to  be  separated  is  placed  in  one  of  the  introduction  tubes  I A  or  I P  ,  and  car¬ 
ried  to  the  adsorption  column  CA  (or  to  the  partition  column  CP  for  G.L.C.) 
by  a  current  of  nitrogen  from  the  cylinder.  For  the  displacement  technique 
(using  the  adsorption  column)  the  current  of  nitrogen  is  passed  through 
the  saturator  S,  by  means  of  which  a  constant  concentration  of  displacer 
vapor  is  introduced  into  the  nitrogen.  After  leaving  the  column,  the  gas 
passes  through  the  thermal  conductivity  cell  ( TC )  and  the  fraction  col¬ 
lector  (C).  For  the  construction  of  the  flow  control  (F),  specially  designed 
for  gas  chromatography,  the  reader  is  referred  to  the  original  literature. 
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Appendix  I 

PRINCIPAL  TYPES  OF  STATIONARY  LIQUIDS 

USED  IN  G.L.C. 


The  following  list  is  intended  as  a  guide  for  effecting  a  preliminary  choice 
of  the  stationary  liquid  suitable  for  a  certain  separation  by  G.L.C.  Though 
it  is  one  of  the  virtues  of  G.L.C.  that  the  number  of  solvents  available  is 
almost  unlimited,  there  is  little  purpose  in  considering  too  many  such  sub¬ 
stances;  experience  in  practice  shows  that  the  field  for  choice  can  generally 
be  restricted  to  relatively  few  types. 

The  indications  in  this  table  are  of  necessity  very  general  in  character, 
since  a  certain  amount  of  trial  and  error  is  still  inevitable.  The  implications 
of  the  word  “selectivity”  for  instance  are  purposely  vague.  The  designation 
“low  selectivity”  in  general  denotes  that  a  stationary  liquid  has  a  good 
solvent  power  for  all  the  types  of  solutes  in  question  and  that  it  will,  roughly 
speaking,  separate  these  according  to  boiling  point.  (It  should  be  remem¬ 
bered,  however,  that  there  is  no  solvent  not  possessing  certain  selective 
properties.) 

Some  empirical  rules  that  can  be  followed  in  using  this  table,  in  conjunc¬ 


tion  with  the  text  in  Chapter  2,  are: 

(1)  If  the  components  to  be  separated  principally  belong  to  one  class 
of  compound,  a  stationary  liquid  of  “similar”  character  will  as  a  rule  pos¬ 
sess  the  best  solvent  power  for  these  solutes.  Such  a  stationary  phase  will 
be  the  first  choice  for  effecting  a  separation  according  to  boiling  point,  since 
it  will,  generally  speaking,  insure  a  high  relative  separating  efficiency  of  the 
column. 

(2)  In  the  case  of  samples  containing  dissimilar  types  of  components, 
various  contingencies  may  arise,  two  of  which  may  be  refened  to. 

(a)  It  may  be  desired  to  effect  a  satisfactory  separation  of  all  compo¬ 
nents.  The  stationary  liquid  chosen  might  then  be  one  having  no  pio- 
nounced  selective  properties  for  any  of  the  components  in  question.  Separa¬ 
tion  will  then  again  be  roughly  according  to  boiling  point  and  the  column  will 
operate  with  a  reasonably  good  efficiency  for  all  constituents  (Example: 
for  a  mixture  of  hydrocarbons  and  oxygenated  compounds  a  phthalic  ester 

could  be  employed.)  .  , 

(b)  If  the  main  interest  lies  in  an  optimum  separation  of  one  particular 

class  of  constituent,  a  stationary  liquid  “similar”  to  this  class  (as  m  c^e  a 
could  be  selected.  It  is  then  possible  that  the  dissimilar  constituents  mil 
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undergo  appreciable  shifts  in  the  elution  diagram,  so  that  a  separation  ac¬ 
cording  to  type  is  partly  or  wholly  realized. 

(3)  When  using  a  selective  stationary  phase,  the  types  of  solutes  having  a 
low  solubility  in  it  will  in  general  show  lower  retention  volumes  than  the 
more  soluble  (or  “compatible”)  types  of  about  the  same  boiling  points. 
Furthermore,  certain  shifts  in  order  of  emergence  (with  respect  to  the 
order  of  boiling  point)  can  occur  in  the  first-mentioned  types,  such  shifts 
may  be  useful  or  undesirable  according  to  circumstances.  A  shift  to  lower 
retention  volumes  as  a  rule  is  accompanied  by  a  reduction  in  separating 
efficiency  under  comparable  conditions;  the  efficiency  can,  however,  fre¬ 
quently  be  restored  by  suitable  measures. 

(4)  Certain  solvents  possess  “super-selective”  properties  toward  in¬ 
dividual  compounds  (vide  below:  silver  nitrate  solutions).  This  property 
may  be  of  value  for  resolving  overlapping  peaks. 

It  should  be  realized  that  these  rules  are  by  no  means  hard-and-fast 
and  that  many  marked  exceptions  occur.  The  theory  of  interaction  of  the 
solute  and  solvent  is  complex  and  is  considered  in  Chapter  6. 

The  temperature  limits  quoted  in  the  table  are  approximately  the  maxi¬ 
mum  values  that  can  be  maintained  in  the  column  if  the  latter  is  to  be  used 
a  large  number  of  times.  For  one  or  two  analyses  it  is  frequently  permis¬ 
sible  to  maintain  a  temperature  20-25°C  and  even  more  above  the  figures 
mentioned. 

Organic  esters 

Esters  of  an  aromatic  carboxylic 
acid  and  an  aliphatic  alcohol: 

Phthalates:  e.g. 

Dioctyl  (di-a-ethylhexanyl-) ; 

Dinonyl  (di-3,3,5-trimethylhex- 
anyl-) ; 

Diisodecyl-; 

(and  other  phthalates  sold  as  plas¬ 
ticizers  for  synthetic  resins). 


Mellitic  esters  (e.g.  Ci-Ce); 

Esters  of  2,3,6, 7 -naphthalene  tetra- 
carboxylic  acid  (e.g.  C6-C6). 

Esters  of  an  aliphatic  dicarboxylic 
acid: 

Sebacic  esters  (e.g.  C8 ,  “Octoil  S”). 


Stationary  liquids  of  very  general 
applicability.  The  esters  derived 
from  aromatic  acids,  in  particular, 
usually  show  no  pronounced  selec¬ 
tivity  over  a  wide  range  of  com¬ 
pound  types,  since  they  contain 
phenyl,  aliphatic  and  polar  groups. 
They  separate  many  classes  of 
solutes  roughly  according  to  vola¬ 
tility,  and  can  be  employed,  if 
pure,  for  long  periods  up  to  about 
140°C.  (Less  pure  products  up  to 
125°C.) 

Mellitic  esters  up  to  160°C. 
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Paraffinic  hydrocarbons 

Pure  normal  paraffins  (Ci2  and 
higher) 

Mixtures  ( paraffin  wax ) 


Squalane 1  (2,6,10,15,19, 23-hexa- 

methyltetracosane,  C3oH62).  Ob¬ 
tained  by  hydrogenating  squa- 
lene,  an  unsaturated  hydrocarbon 
from  shark’s  liver  oil. 

Petroleum  fractions 

Lubricating  oils 
“Liquid  paraffin ” 

Apiezon  grease 
Bitumen 


Excellent  solvents  for  separating 
volatile  hydrocarbons.  Owing  to 
“negative”  deviations  from 
Raoult’s  law  the  retention  volumes 
of  the  latter  are  generally  higher 
than  predicted  from  the  vapor  pres¬ 
sures  of  the  pure  substances.  With 
polar  solutes  the  opposite  effect 
may  be  present  to  a  marked 
degree. 

Temperature  limits:  dodecane  0°C; 
hexadecane  40°C ;  tetracosane 
120°C;  higher  members  up  to 
about  160°C. 

Applicability  roughly  as  above.  Low 
melting  point  and  volatility  (ap¬ 
prox.:  1  mm/210°C).  Interesting 
as  a  reference  liquid ,  since  it  can  be 
obtained  fairly  pure.  Max.  temp.: 
approx.  140°C. 

Besides  paraffin  chains,  these  con¬ 
tain  cyclic  groups.  With  a  view  to 
stability,  highly  refined  (dearoma- 
tized)  products  are  sometimes  de¬ 
sirable.  Applicability  very  similar 
to  that  of  the  paraffins. 

Temperature  limit  for  an  average 
“liquid  paraffin”  (medicinal  oil) 
about  150°C,  for  Apiezon  grease 
and  bitumen  over  250°C. 


Silicones 

e.g.  no.  703  (phenylsilicones),  no. 

550  (mixed  silicones). 

Silicone  high-vacuum  grease. 


Volatility  is  lower  and  thermal  sta¬ 
bility  higher  than  that  of  hydro¬ 
carbons,  etc.  Principally  employed 
at  high  column  temperatures.* 
Under  these  conditions  they  show 
no  pronounced  selective  proper¬ 
ties.  Can  be  used  regularly  up  to 


•  It  has  been  found  that  the  suitability  of  silicones  for  use  at  high  temperatures 
varies  with  the  make  and  possibly  also  with  the  batch  of  product. 


PRINCIPAL  TYPES  OF  STATIONARY  LIQUIDS 


203 


200°C,  occasionally  up  to  250  or 
even  300°C. 


Benzyldiphenyl2 

An  aromatic  compound  (m.p.  about 
50°C,  vapor  pressure  100  mm  at 
286°C)  which  may  prove  valuable 
as  a  stationary  liquid  for  reference 
purposes. 

Temp,  range:  below  100°C. 


Aromatic  nitro -esters 

e.g.:  the  ester  of  dinitrodiphenic 
acid*  and  hexanol-1  (or  other  pri¬ 
mary  alcohols) ;  the  ester  of  trini- 
trobenzoic  acid  and  polyethylene 
glycol  400. 


Picrates 

e.g.  that  of  p-nitroaniline  and  fluo- 
rene. 


Polyglycols 

(Marketed  under  various  trade 
names.) 

E.g.  polyethylene  glycol  400f 


These  esters  show  a  high  selectivity 
among  hydrocarbons,  being  good 
solvents  for  aromatics  and  very 
poor  solvents  for  paraffins.  Aro¬ 
matics  on  elution  emerge  together 
with  paraffins  having  about  4  to  6 
C  atoms  more,  so  that  G.L.C.  can 
frequently  effect  a  separation  ac¬ 
cording  to  type.  These  solvents 
give  rise  to  striking  separations 
among  aromatics  having  different 
substituent  groups,  owing  to  steric 
effects. 

The  nitro-esters  are  suitable  for  use 
up  to  120°C,  some  up  to  140°C. 
(Dinitrodiphenic  acid  even  to  150- 
160°C.) 

Behave  in  a  manner  very  similar  to 
that  of  the  nitro-esters. 

Generally  unstable  at  120°C  and 
higher. 

Strongly  polar  liquids.  Good  solvents 
(large  retention  volumes)  for  oxy¬ 
genated  compounds  and  nitrogen 
compounds;  poor  solvents  (low 


NO, 


l  coohJ2 

t  According  to  Adlard*  there  is  little  difference  among  these  products  from  the 
aspect  of  separate.  Polyethylene  glyco.  400  seems  ,o  h!ve  the  best  ovlra.^rep! 
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High -boiling  alcohols 

(e.g.  octadecyl  alcohol) 

High  mol.  weight  fatty  acids 

Dimethylsulfolanef  4 
Dimethylformamidet 


Tricresyl  phosphate 

Glycerol;  diglycerol  If 


retention  volumes)  for  saturated 
hydrocarbons;  moderate  solvents 
for  aromatics.  Suitable  for  the 
analysis  of  samples  containing 
water. 

Temperature  limit  for  polyethylene 
glycol  400:  approx.  100°C,*  some¬ 
what  less  for  other  types. 

Stationary  liquids  with  a  high  solu¬ 
bility  for  the  low-boiling  members 
of  their  own  types. 

Maximum  permissible  temperature 
probably  about  140°C. 

Two  solvents  of  very  similar  be¬ 
havior,  which  have  been  mainly 
used  for  analyzing  hydrocarbon 
gases.  Owing  to  their  highly  polar 
character  the  emergence  of  olefins 
is  retarded  very  selectively.  With 
dimethylformamide  this  effect  is 
somewhat  more  marked  than  with 
dimethylsulfolane.  The  latter  is 
suitable  for  use  as  reference  liquid. 

Temperature  limits:  dimethylsulfo¬ 
lane,  approx.  40°C;  dimethylform¬ 
amide,  about  0°C. 

Excellent  selective  solvent  for  chlo¬ 
rinated  hydrocarbons. 

Temperature  limit:  about  120°C 
(occasionally  150°C.) 


Highly  polar  liquids,  giving  a  selec- 
It  has  been  reported  that  this  temperature  can  be  150°C  if  oxygen  is  completely 

-CH'CHj 

I 

ch2  ch2 


excluded. 

t  ch3ch 


S02 

t  (CH3)2N-CHO 
If  [CHi0H  CH20H-CH2]20 


205 


PRINCIPAL  TYPES  OF  STATIONARY  LIQUIDS 

tive  retention  for  water.  Selective 
solvents  for  separating  isomeric  al¬ 
cohols  and  amines.  Moderate  sol¬ 
vent  power  for  ethers,  esters  and 
ketones 

Temp,  limits:  about  70°C  for  glyc¬ 
erol,  approx.  110°C  for  diglycerol. 

“Super-selective”  solvents  for  the 
resolution  of  overlapping  peaks 
among  the  lower  olefins,  for  in¬ 
stance  for  separating  cis-  and 
trans-isomers  and  butene- 1  from 
isobutene. 

Temperature  below  40°C;  above  this 
limit  the  transient  adducts  with 
AgNOa  are  not  formed  and  solu¬ 
tions  are  unstable. 

REFERENCES 

1.  Eggertsen,  F.  T.,  Knight,  H.  S.,  and  Groennings,  S.,  Anal.  Chem.,  28,  303  (1956). 

2.  James,  A.  T.,  and  Martin,  A.  J.  P.,  Brit.  Med.  Bull.,  10,  170  (1954). 

3.  Adlard,  E.  R.,  Paper  read  at  the  I.P.  Symposium  on  Vapour  Phase  Chromatog¬ 

raphy,  London,  May/June  1956. 

4.  Pierotti,  G.  J.,  Deal,  C.  H.,  Derr,  E.  L.,  and  Porter,  P.  E.,  J .  Am.  Chem.  Soc.,  78, 

2989  (1956). 

5.  Bradford,  B.  W.,  Harvey,  D.,  and  Chalkley,  D.  E.,  J.  Inst.  Petroleum,  41,  80  (1955). 

6.  Craats,  F.  van  de,  Anal.  Chim.  Acta,  14,  136  (1956). 


Solutions  of  silver  nitrate 

e.g.  in  polyethylene  glycol5  or 
(better)  in  benzyl  cyanide6 


Appendix  II 

KATHAROMETERS 


Description  of  a  Double-Channel  Katharometer  and  Recording 
Equipment  as  Employed  in  the  Author’s  Laboratory 

The  Katharometer 


The  instrument*  (Figure  A)  is  cylindrical  in  shape  and  consists  of  a  cen¬ 
tral  body  of  tellurium  copper  and  two  end-pieces  of  wrought  brass. 

The  central  body  contains  three  vertical  passages.  Two  of  these  (P  in  the 
figure)  have  a  diameter  of  3  mm  and  are  the  actual  katharometer  channels, 
in  which  the  platinum  heater  wires  are  axially  stretched.  The  third  ( Q ), 
which  terminates  shortly  above  the  base,  has  a  diameter  of  10  mm  and  only 
serves  to  accommodate  the  electric  leads.  Access  is  given  to  passage  Q  by 
two  horizontal  channels  R  (also  of  10  mm  bore),  each  of  which  is  again  con¬ 
nected  to  two  passages  U,  drilled  at  an  angle  of  45°  to  the  top  and  base  of 
the  body,  respectively,  and  ending  in  R.  The  latter  are  closed  after  comple¬ 
tion  of  the  construction  with  two  screw  plugs  of  stainless  steel. 

Channels  U  are  3  mm  in  bore  at  the  points  where  they  enter  R,  but  the 
outer  ends  are  enlarged  to  take  the  glass-insulated  metal  seals  (see  below) 
forming  the  electrical  connection  between  the  leads  and  the  flat  springs  il/ 
serving  to  stretch  the  platinum  wires;  the  seals  also  separate  the  two  gas 
systems  from  one  another. 

The  two  end-pieces  each  have  two  recesses  J  surrounding  a  glass-metal 
seal,  a  spring  and  the  opening  of  P;  these  recesses  are  each  connected  to  the 
outer  surface  of  the  end-piece  by  inclined  channels  K,  which  form  the 
inlets  and  outlets  of  the  two  katharometer  channels  P .  The  top  end-piece 
furthermore  has  a  wide-bore  channel  H  for  the  electric  leads.  The  recesses 
J  on  each  end-piece  are  rendered  gas-tight  with  respect  to  the  body  by 
aluminum  ring  gaskets  in  the  body.  The  end-pieces  are  joined  to  the  body 

by  four  screws.  .  J  ,  .  f 

The  glass-metal  seals  f  fitting  into  U  (see  Figure  B)  consist  of  pieces  o 


*  In  the  design  of  this  instrument,  the  author  has  gratefully  made  use  of  various 
details  of  construction  evolved  by  the  Netherlands  State  Mines  who  have  done 
considerable  amount  of  development  work  on  katharome  ers  (see  Neth  Pat.^AppU. 

74333).  He  also  expresses  his  thanks  to  Mr.  H.  van  \  le  ,  w  1 


struction. 

f  Manufacturers:  Ediswan,  London. 
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detail  x 


SECTION  B-B 


Figure  A.  Construction  of  katharometer  (schematic). 


1  mm  wire  sealed  into  a  3  mm  O.D.  glass  sleeve,  to  the  outside  of  which  a 
small  metal  collar  is  fused.  The  latter  fits  into  the  wide  bore  of  channels  U 
and  is  soldered  up  against  the  constriction.  The  ends  of  the  leads  are  filed 
flat  at  45°  so  as  to  form  a  surface  to  which  the  springs  are  soldered.  The 
flattened  ends  protrude  2.5  mm. 

The  springs  are  of  beryllium  copper.  Dimensions:  10  mm  long-  0  8  mm 
wide;  0.15  mm  thick.  They  have  a  0.15  mm  hole  at  one  end. 

The  upper  faces  of  the  wires  in  the  glass-metal  seals,  after  being  filed 
flat,  are  tinned.  A  distance-piece  provided  with  a  dowel  (see  Figure  B) 
a  so  protruding  2.5  mm,  and  having  a  central  hole  of  0.15  mm  is  now 
placed  in  turn  in  the  channels  P.  One  end  of  the  beryllium-copper  spring  is 
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centered  with  respect  to  the  channel  P  by  passing  a  0.1  mm  steel  wire 
through  the  hole  in  its  end  and  also  through  the  hole  in  the  distance-piece. 
The  other  end  of  the  spring  is  then  soldered  to  the  top  face  of  the  wire  in  the 
glass-metal  seal.  The  steel  wire  and  the  distance-piece  are  removed. 

The  'platinum  wires  are  about  10  cm  long  and  20  u  in  diameter  (resistance 
about  27  ft  at  room  temperature).  The  pure  platinum  stock  wire  should 
first  be  aged  by  passing  a  current  of  200  mA  through  it  for  about  15  hours. 
It  is  examined  under  the  microscope  for  blemishes  and  nonuniform  spots. 
Selected  pieces  of  11  cm  are  cut  off. 

A  piece  of  the  wire  is  passed  through  a  gas  channel,  threaded  through 
the  hole  in  the  top  spring  and  soldered  there.  The  other  end  is  passed 
through  the  hole  in  the  lower  spring  and  a  weight  of  1  gram  is  soldered  to  its 
free  end,  so  as  to  stretch  the  wire.  Distance  pieces  of  2.5  mm  are  placed  be¬ 
tween  both  springs  and  the  end  faces  of  the  body,  the  wire  is  then  soldered 
to  the  lower  spring;  the  projecting  wire  is  left  for  the  time  being. 

The  two  wires,  when  mounted,  are  heated  for  about  10  minutes  to  just 
perceptible  redness  at  their  centers  by  an  electric  current.  (Conduction  pre¬ 
vents  the  solder  from  melting.)  Their  resistances  are  then  measured  ac¬ 
curately  at  room  temperature.  Should  they  differ  by  more  than  about 
0.02  ft,  the  wire  with  the  highest  resistance  is  shortened.  This  may  be 
done  by  again  attaching  a  1-gram  weight  to  its  end,  heating  the  end  of 
the  spring  gently  so  as  to  fuse  the  solder,  and  carefully  shifting  the  end 
of  the  bottom  spring  by,  say,  0.1  mm.  When  equality  has  been  obtained 
(after  reheating  to  redness),  the  loose  ends  of  the  wires  are  cut  off. 

The  solder  used  should  have  a  melting  point  of  about  300°C;  the  flux 
is  saturated  zinc  chloride  in  38  per  cent  hydrochloric  acid.  A  small  gas 
flame  is  employed  for  heating.  The  flux  must  be  carefully  removed  by  wash¬ 
ing. 
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The  electric  leads  are  soldered  to  the  lower  ends  of  the  glass-metal  seals 
and  are  led  through  the  appropriate  channels  after  being  encased  in  ceramic 

beads. 

The  Circuit,  Recorder  and  Integrator 

The  Wheatstone  bridge  circuit  is  formed  by  the  two  katharometer  wires 
Ci  and  C2  and  two  equal  resistors  R3  and  R 4  ;  the  latter  are  wound  of  man- 
ganin  wire  on  one  metal  former,  so  as  to  eliminate  differences  due  to  tem¬ 
perature  effects.  ( Di  and  Z)2  are  dummy  resistances  equal  to  Ci  and  C2  ; 
they  are  convenient  for  checking  the  electric  circuit  when  the  katharom¬ 
eter  is  disconnected  or  out  of  use.)  The  bridge  current  is  supplied  by 
nickel -iron  storage  batteries  5i  or  a  suitable  stabilized  rectifier. 

Under  operating  conditions  the  total  current  is  accurately  adjusted  by 
means  of  the  wire-wound  variable  resistance  Pi  to  a  standard  value  of  either 
100  or  200  mA,  This  is  done  by  balancing  the  potential  formed  over  a  re¬ 
sistance  (P6  +  Rs ,  or  R6  alone,  respectively)  against  a  standard  cell  E,  the 
microammeter  MA  being  adjusted  to  zero.  (For  coarse  adjustment,  the 
resistance  P8  is  placed  in  series  with  MA  by  means  of  switch  $2  ;  for  fine 
adjustment  a  direct  connection  is  established.) 

The  recorder  employed  (shown  diagrammatically  in  Figure  C)  is  a  com- 
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mercial  instrument;  according  to  circumstances  a  type  giving  a  full  scale 
deflection  with  1  mV  or  2.5  mV  is  suitable.  It  is  connected  between  the  junc¬ 
tions  Ci-fl,  and  C 2~R 4  .  The  base  line  of  the  recorder  can  be  adjusted  with  the 
potentiometer  P3 ,  which  changes  the  effective  ratio  of  R3  to  Rt  slightly. 
For  an  analysis,  the  base  line  can  thus  be  made  to  coincide  with  the  zero 
line  of  the  chart;  occasionally,  however,  circumstances  may  arise  in  which 
both  positive  and  negative  deflections  have  to  be  measured,  and  it  may  then 
even  be  necessary  to  adjust  the  base  line  to  the  middle  of  the  chart. 

Frequently  the  output  of  the  bridge  will  exceed  the  full-scale  deflection 
of  the  recorder.  The  signal  may  then  be  attenuated  by  means  of  the  po¬ 
tentiometer  consisting  of  the  fixed  resistances  R10  to  Ru  and  the  switch  S3 . 
If  this  potentiometer  is  employed,  the  electric  zero  of  the  recorder  must 
correspond  with  the  base  line  position. 

The  equipment  used  by  the  writer  embodies  a  device  for  the  automatic 
integration  of  the  peaks  on  the  chart.*  Basically  this  consists  of  a  low-inertia 
linear  d.c.  motor  coupled  to  a  revolution  counter,  and  fed  with  an  e.m.f. 
proportional  to  the  deflection  of  the  recorder  pen,  so  that  its  speed  of  revo¬ 
lution  is  also  proportional  to  this  deflection;  the  area  of  a  peak  can  then 
be  obtained  from  the  number  of  revolutions  read  off  from  the  counter  be¬ 
fore  and  after  the  peak  has  passed.  To  this  end  one  pole  of  the  motor  is 
connected  to  the  slider  of  a  40  ft  helical  wire-found  potentiometer,  and  the 
slider  is  mechanically  coupled  to  the  recorder  pen.f  The  current  passing 
through  this  potentiometer  is  adjusted  to  its  standard  value  by  means  of 
the  variable  resistance  P2 ,  and  is  measured  in  a  similar  manner  as  the  bridge 
current,  viz.  by  balancing  E  against  the  potential  produced  over  a  resistance 

Ri . 

Though  simpler  recording  systems  can  undoubtedly  be  employed  with 
success,  the  convenience  of  the  equipment  described  has  been  found  to 
justify  its  additional  complexity  and  expense. 

Description  of  Katharometer  with  Glass  Channels 


by 

J.  Brooks  and  A.  F.  Williams  t 


The  katharometer  which  will  be  described  contains  glass  channels  housed 
in  a  metal  block.  An  organic  liquid  which  is  allowed  to  boil  under  reflux  is 


*  Integrating  devices  are  commercially  available,  for  instance  those  of  the  ball- 

“tt^toBromrecorfers  employed  by  the  author,  a  Brown  4I»  helical  elide  wire 
can  be  readily  mounted  inside  the  instrument,  which  contains  the  necessary  prov.- 

S'°J Imperial  CheinicaT  Industries,  Ltd.;  Research  Department,  Nobel  Division; 
Stevenston  (Scotland). 


katharometers 


211 


TO  CONDENSER 


Figure  D.  Column  assembly  for  glass  and  metal  katharometer. 

1.  Tufnol  plugs;  2.  analysis  arm;  3.  katharometer;  4.  vapour  jacket  to  maintain 
constant  temperature;  5.  brass  block;  6.  ‘Securex’  couplings;  7.  vapour  trap;  8.  webs 
to  assist  binding  of  flanges;  9.  top  and  bottom  flanges  secured  by  8  bolts,  sealed  by 
a  ‘Klingerit’  gasket  and  having  32  perforation  holes  as  shown  in  the  plan  view;  10. 
earthing  screw. 

used  as  the  method  for  heating  the  column  and  katharometer  assembly  to 
the  same  temperature. 

The  apparatus  (Figure  D)  consists  of  a  metal  vapor  jacket  which  houses 
the  chromatograph  tubes,  one  of  which  serves  as  a  “blank”  and  is  con¬ 
nected  to  the  reference  arm  of  the  katharometer;  the  other  is  connected  to 
the  working  arm  of  the  katharometer.  Only  one  column  and  arm  is  shown 
in  the  diagram.  The  column  is  made  to  form  a  gas-tight  seal  with  its 
katharometer  arm  by  interposing  a  piece  of  rubber  valve  tubing  between 
the  top  of  the  katharometer  and  the  drawn  out  end  of  the  column. 

A  katharometer  arm  is  shown  in  detail  in  Figure  E.  It  consists  of  glass 
tube  2.8  mm  in  diameter  down  the  center  of  which  a  fine  platinum  wire  of 
length  10  cm  is  suspended.  A  suitable  gauge  of  wire  was  found  to  be  49 
s.w.g.  This  wire  is  joined  to  thicker  platinum  wires  (0.5  mm  diameter)  which 
lead  to  the  connections  to  the  bridge  and  recorder.  The  joins  are  made  by 
inserting  the  fine  wire  into  concentric  holes  which  are  drilled  in  the  thick 
u  ires,  good  electrical  contact  is  then  made  by  squeezing  the  wires  together 
After  making  the  upper  glass  seal  to  the  thick  platinum,  a  5  g  weight  is 
attached  to  the  lower  thick  platinum  wire  and  the  lower  glass  seal  is&then 
made,  thus  insuring  sufficient  tautness  in  the  wire.  In  order  to  minimize 
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Figure  E.  Glass  katharometer. 

1.  Katharometer;  2.  49  S.W.G.  platinum  (4"  length);  3.  22  S.W.G.  platinum  leads; 
4.  gas  exit;  5.  22  S.W.G.  platinum  spiral  held  by  glass  rim  to  sidewall. 

vibrational  effects  a  small  glass  bead  is  sealed  on  to  the  inner  wall  of  the 
lower  end  of  the  katharometer  to  which  the  lower  thick  platinum  wire  is 
anchored,  as  near  as  practicable  to  the  thin  wire.  The  spiral  in  the  thick 
platinum  wire  just  below  the  join  to  the  thin  wire  insures  that  the  thin  wire 
is  mounted  in  a  reasonably  central  position. 

The  two  platinum  wires  from  the  inlets  of  the  katharometer  arms  are 
made  to  form  a  common  connection  to  the  bridge  by  joining  them  through  a 
screw  connection  to  the  top  of  the  brass  block.  Any  part  of  the  column  can 
thus  be  used  for  the  common  lead  to  the  Wheatstone’s  Bridge.  The  plati¬ 
num  wires  at  the  outlet  ends  of  the  katharometer  arms  are  joined  to  an 
insulated  terminal  block  which  is  fixed  to  the  base  of  the  column  block,  en¬ 
abling  the  lower  platinum  leads  to  the  bridge  to  be  readily  attached,  in¬ 
suring  that  differential  temperature  effects  between  the  connections  from 
the  katharometer  are  minimized. 

A  small  hole  in  the  base  of  each  katharometer  tube  (Figure  E)  furnishes 
the  outlet  for  the  gas  stream  which  then  enters  a  gas-tight  metal  sleeve 
prior  to  the  vacuum  train  in  the  case  of  the  test  arm  and  goes  through  a 
similar  sleeve  direct  to  the  atmosphere  in  the  case  of  the  reference  arm 
(Figure  D).  These  metal  sleeves  insured  robustness  and  rigidity  to  the  ex¬ 
posed  and  delicate  katharometer  arms. 

Usually,  it  has  been  found  relatively  easy  to  obtain  a  zero  which  shows 
less  than  10  microvolts  drift  per  hour  with  absolute  value  of  80  milhamps 
current  in  the  wire. 


Appendix  III 

ELIMINATION  OF  UNCONDENSABLE  GASES 
FROM  COMMERCIAL  CO2 

Carbon  dioxide  from  normal  commercial  cylinders  always  contains  un¬ 
condensable  gases  up  to  1  per  cent,  which  must  be  removed  prior  to  its  use 
as  carrier  gas  in  gas  chromatography.  Figure  A  shows  a  simple  device,  used 
by  van  de  Craats,*  that  can  be  connected  to  the  cylinder  and  by  which  the 
uncondensables  are  distilled  off  under  pressure  together  with  part  of  the 
C02 .  Carbon  dioxide  from  the  gas  phase  passes  up  through  a  packed 


Figure  A.  Device  for  removal  of  uncondensable  gases  from  carbon  dioxide. 

*  F.  van  de  Craats;  private  communication. 
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column  (I.D.  about  1  in.)  and  is  condensed  in  a  cooler.  Liquid  C02  returns 
to  the  bottom  of  the  storage  cylinder.  By  venting  part  of  the  gases  through 
the  needle  valve  at  the  top  of  the  cooler  pure  C02  remains  in  the  cylinder. 

The  cylinder  is  kept  at  room  temperature,  the  cooler  is  packed  with  ice. 
Top  gas  is  vented  at  a  rate  of  about  25  liters  per  hour.  A  cylinder  with  8  kg 
of  C02  ,  if  treated  in  the  above  manner  for  about  8  hours,  contains  carbon 
dioxide  having  less  than  0.001  per  cent  of  uncondensable  impurities.  The 
puiity  is  determined  by  absorption  in  30  per  cent  IvOH  in  a  gas  burette. 
Only  5  per  cent  of  the  contents  of  the  cylinder  are  lost  in  this  way. 
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